dx  MBBB 

wbbimwmk 


O 


>0-34  D 


THE  UNIVERSITY  OF  ALBERTA 

RELEASE  FORM 

NAME  OF  AUTHOR  Ro 1  and- P i er re  LEAUTE 

TITLE  OF  THESIS  MECHANISM  OF  DEHYDRATION  OF  ISOPROPANOL 
DEGREE  FOR  WHICH  THESIS  WAS  PRESENTED  Doctor  of  Philosophy 
YEAR  THIS  DEGREE  GRANTED  1980 

Permission  is  hereby  granted  to  THE  UNIVERSITY  OF 
ALBERTA  LIBRARY  to  reproduce  single  copies  of  this  the¬ 
sis  and  to  lend  or  sell  such  copies  for  private,  scho¬ 
larly  or  scientific  research  purposes  only. 

The  author  reserves  other  publication  rights,  and 
neither  the  thesis  nor  extensive  extracts  from  it  may 
be  printed  or  otherwise  reproduced  without  the  author's 


THE  UNIVERSITY  OF  ALBERTA 


MECHANISM  OF  DEHYDRATION  OF  ISOPROPANOL 


by 


Roland  Pierre  LEAUTE 


A  THESIS 


SUBMITTED  TO  THE  FACULTY  OF  GRADUATE  STUDIES  AND  RESEARCH 
IN  PARTIAL  FULFILMENT  OF  THE  REQUIREMENTS  FOR  THE  DEGREE 


OF  Doctor  of  Philosophy 

Chemical  Engineering 


EDMONTON,  ALBERTA 
SPRING 

1980 


Digitized  by  the  Internet  Archive 
in  2019  with  funding  from 
University  of  Alberta  Libraries 


https://archive.org/details/Leaute1980 


THE  UNIVERSITY  OF  ALBERTA 


FACULTY  OF  GRADUATE  STUDIES  AND  RESEARCH 


The  undersigned  certify  that  they  have  read,  and 
recommend  to  the  Faculty  of  Graduate  Studies  and  Research, 
for  acceptance,  a  thesis  entitled,  "MECHANISM  AND  KINETICS  OF 
DEHYDRATION  OF  2-PROPANOL"  submitted  by  Roland  P.  Leaute 
in  partial  fulfilment  of  the  requirements  for  the  degree  of 
Doctor  of  Philosophy  in  Chemical  Engineering. 


DEDICATION 


Pour  Karin  ,Cecile  et  Andre  qui  sont  entres  dans  ma  vie  pen¬ 
dant  ce  travai 1 


IV 


Abstract 


The  two  novelties  in  this  work  are  the  development  of 
an  improved  infrared  cellreactor  and  the  derivation  of  a  new 
mechanistic  rate  equation  which  was  unique  in  fitting  adequ¬ 
ately  the  rates  of  dehydration  of  isopropanol  on  alumina. 

The  new  reactor  extends  the  applicability  of  simultane¬ 
ously  measuring  under  dynamic  conditions  the  reaction  Kinet¬ 
ics  as  well  as  infrared  spertra  of  the  working  catalyst. 
Although  this  concept  was  not  new,  the  use  of  the  technique 
had  remained  limited  in  the  past  because  of  the  lack  of  con¬ 
sideration  of  some  design  factors.  Key  improvements  con¬ 
sisted  of  increasing  the  contacting  between  the  gases  and 
the  catalyst  wafer,  creating  a  good  i sotherma 1 i ty  in  the  re¬ 
action  zon  and  eliminating  accurately  the  unwanted  infrared 
radiation  absorbance  by  the  reacting  gases. 

In  the  case  of  the  dehydration  of  isopropanol  on  alu¬ 
mina,  combined  infrared  and  kinetic  results  revealed  impor¬ 
tant  aspects  of  the  dehydration  mechanism.  By  observing  that 
water  had  a  negligible  effect  upon  the  degree  of  surface  co¬ 
verage  by  the  reactant,  it  was  concluded  that  water  and  al¬ 
cohol  occupy  different  surface  sites  during  rection.  On  the 
other  hand  the  pronounced  retarding  effect  of  water  upon  the 
reaction  rate  implies  that  the  water  adsorption  sites  are 
crucial  to  the  dehydration  process.  The  presence  of  stable 
carboxylate  species  formed  on  the  surface  was  dtected  by  in¬ 
frared  and  these  were  shown  to  deactivate  the  catalyst. 
Similarly  chemisorbed  pyridine  species  could  be  directly 
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observed  and  were  shown  to  strongly  inhibit  the  reaction. 
These  species  also  revealed  the  heterogeneity  of  the  alumina 
surface.  By  combining  all  the  infrared  observations  Lewis 
acid-base  pairs  of  sites  were  proposed  as  constituting  the 
operative  effect  for  the  dehydration  process. 

A  total  of  186  experiments  at  4  different  temperatures 
between  230  and  280°C  and  at  varying  partial  pressures  of 
alcohol  and  water  were  performed  to  provide  Kinetic  data. 
None  of  many  three-  or  four -parameter s  Langmui r-Hinshelwood 
Kinetic  models  could  correlate  the  data  adequately.  Infrared 
evidence  of  a  maximum  in  the  rate  of  reaction  at  intermedi¬ 
ate  surface  coverages  by  the  reactant  indicated  the  presence 
of  an  autoinhibition  effect  due  to  some  degree  of  interac¬ 
tion  between  the  adsorbed  alcohol  molecules.  A  simple  model 
representing  the  postulated  surface  interaction  of  the 
adsorbed  species  was  incorporated  into  the  standard 
Langmui r-Hinshelwood  models.  A  significant  improvement  in 
the  correlation  of  the  Kinetic  data  was  obtained  only  in  the 
case  of  a  dual -di ssimi 1 ar  sites  mechanism.  The  final 
4-parameters  rate  expression 
r =abP  . (1+bdP  )/(1+bP  )2.(1+cP  ) 

was  selected  as  the  best  model  after  fulfilling  various  cri¬ 
teria  of  adequacy. 
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1.  INTRODUCTION 


One  of  the  important  objectives  of  catalytic  research  is  to 
obtain  understanding  of  reaction  mechanisms.  A  practical  re¬ 
ason  for  searching  for  the  'true'  mechanism  is  that,  in  rea¬ 
ctor  design,  extrapolation  to  new  or  more  favourable  operat¬ 
ing  conditions  is  much  more  safely  done  when  the  mechanism 
is  Known.  Classically,  the  measurement  of  the  Kinetics  of  a 
homogeneous  chemical  reaction  has  been  used  to  deduce  the 
mechanism  of  the  reaction.  In  heterogeneous  catalyis,  one  is 
generally  ignorant  of  the  surface  concentrations  at  which 
the  catalytic  processes  taKe  place.  Consequently  Kinetic 
studies  alone  are  not  so  useful  in  providing  information  on 
the  mechani sm,  and  they  can  serve  only  to  eliminate  some 
possible  reaction  schemes.  In  addition  one  major  difficulty 
that  arises  is  that  more  than  one  set  of  mechanisms  that  fit 
the  observed  data  quite  well  can  often  be  proposed.  To  eli¬ 
minate  and/or  understand  plausible  reaction  mechanisms,  it 
is  necessary  to  obtain  experimental  data  by  independent 
means.  For  this  reason,  other  methods  such  as  tracers,  in¬ 
frared  and  various  spectroscopic  techniques  to  study  sur¬ 
faces  have  been  used  to  infer  reaction  intermediates. 

Ideally,  one  would  liKe  to  observe  the  catalyst  surface 
at  the  molecular  scale.  Infrared  spectroscopy  is  a  powerful 
tool  to  examine  the  bonds  that  form  between  reactants  or 
products  and  catalysts  during  a  chemical  reaction.  LiKe  the 
reaction  Kinetics,  the  infrared  spectra  are  influenced  by 
the  conditions  at  which  the  spectra  are  taKen.  There  is  no 
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guarantee  that  the  spectra  during  reaction  are  similar  to 
the  spectra  obtained  by  chemisorption  during  adsorption  or 
desorption  experiments.  To  better  understand  surface  behav¬ 
iour  on  a  working  catalyst,  the  infrared  spectra  must  be  ta¬ 
ken  during  the  reaction.  Thus,  a  combination  of  simultaneous 
kinetics  and  infrared  spectral  analyses  would  be  expected  to 
provide  more  information  on  reaction  mechanisms  than  by 
either  method  alone. 

The  first  aim  of  this  work  was  to  develop  a  reliable 
apparatus  to  enable  the  simultaneous  measurement  of  infrared 
spectra  and  kinetics.  Important  design  considerations  that 
have  been  frequently  overlooked  in  older  studies  are  ana¬ 
lysed  in  chapter  3  of  this  work.  Details  on  the  construction 
of  the  actual  i nf rared-cel 1  recycle  reactor  system  are  pre¬ 
sented  in  chapter  4,  while  useful  as  well  as  important 
operating  refinements  of  the  reactor  are  given  in  the  folow- 
ing  chapter. 

The  heterogeneous  alumina-catalyzed  dehydration  of  iso¬ 
propanol  was  chosen  as  a  model  reaction  to  demonstrate  the 
attributes  of  the  new  reactor .  It  was  intended  to  arrive  at 
a  kinetic  model  that  incorporates  some  key  features  dis¬ 
played  by  the  catalytic  surface  during  reaction  and  as  re¬ 
vealed  uniquely  and  independently  by  infrared. A  critical  re¬ 
view  of  this  reaction  system  and  related  subjects  is  pro¬ 
vided  in  chapter  2  to-gether  with  criticisms. 
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2.  LITERATURE  SURVEY 


2.1  Properties  Of  Catalytic  Aluminas 

Aluminas  have  been  widely  used  as  adsorbents  and  cata¬ 
lysts  .  In  industrial  catalytic  processes,  aluminas  are 
mostly  used  as  catalyst  supports(l),  particularly  for  noble 
metals  in  catalytic  reforming.  Aluminas  are  able  to  activate 
hydrogen-hydrogen,  carbon-hydrogen  and  carbon-carbon  bonds 
with  varying  efficiency.  From  Knowledge  of  both  the  stru¬ 
cture  and  the  surface  of  aluminas,  it  is  hoped  that  a  better 
understanding  and  interpretation  of  reported  chemisorption 
and  catalytic  data  can  be  obtained. 

2.1.1  The  crystalline  structure  of  catalytic  aluminas 

Alumina  ,  A 1^  O3 ,  occurs  in  various  crys ta 1 lographi c  mo¬ 
difications  among  which  the  y  and /^ -  phases  are  the  most 
important  catalytical ly .  These  modifications  have  been  stu¬ 
died  in  detail  by  Lippens  ( 2-3 )  .  Both  y  an  d<vj-  AL2O3  possess 
defect  spinel  lattices  which  are  slightly  tetragonal ly  dis- 
torted(4).  The  unit  cell  is  built  up  by  32  oxygen  atoms  and 
only  21  1/3  aluminum  atoms  arranged  in  the  16  octrahedral 
and  8  tetrahedral  positions  in  the  spinel  structure.  Accord¬ 
ing  to  Lippens(2),  the  oxygen  lattice  is  made  of  a  cubic 
close-packed  stacking  of  oxygen  layers.  In  a  single  crystal 
diffraction  study,  Lippens  and  de  Boer(5)  found  that  the 
oxygen  lattice  of  ^-alumina  should  be  fairly  well  ordered. 
Consequently  the  disorder  in  yalumina  is  mainly  determined 
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by  the  disorder  in  the  configurations  of  the  aluminum  ca¬ 
tions.  In  spinels  like  MgAl^O^,  the  aluminum  cations  occur 
in  octrahedral  sites  and  the  magnesium  cations  in  tetrahedr¬ 
al  sites.  An  excellent  description  of  the  spinel  structure 
can  be  found  in  the  book  by  Galasso(6)  where  the  position  of 
each  individual  atom  of  the  ideal  spinel  MgAl2.O1j.is  illu¬ 
strated.  In  defect  spinels  like  Al^Oiv  the  octahedral  sites 
are  preferentially  occupied  and  introducing  a  notation  in 
which  tetrahedral  and  octrahedral  A1  are  given  as  [ A 1 ] t  and 
[Al]o,  the  aluminas  can  be  represented  as  [Al^  ]t[Al^  ]o0»* 
(7).  The  main  structural  differences  between  the  various  mo¬ 
difications  of  alumina  are  probably  the  different  ratios  of 
[ A 1 ] t  : [ A 1 ] o  as  well  as  the  differences  in  packing  density 
of  the  oxygen  lattice  (8). 

2.1.2  Surface  models  of  catalytic  aluminas 

It  is  generally  believed  (9)  that  the  alumina  surface 
terminates  in  oxygen  anions  rather  than  cations  because  of 
their  greater  polarizability  .  Accordingly  the  outermost 
aluminum  atoms  lie  below  the  outermost  oxide  plane.  For 
energetic  reasons,  water  forms  hydroxyl  groups  on  the  sur¬ 
face  of  oxide  catalysts.  As  dehydration  proceeds  upon  heat¬ 
ing, 
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hydroxyl  groups  (10). 

This  process  exposes  aluminum  and  oxide  ion  sites  in  the 
surface.  The  nature  and  properties  of  these  generated  sites 
will  be  discussed  in  2.1.3. 

One  of  the  most  important  studies  of  the  alumina  sur¬ 
face  structure  was  made  by  Peri  (11-13)  using  gravimetric 
and  infrared  data  as  a  guide,  in  a  computerized  simulation 
of  the  dehydration  of  a  fully  hydrated  surface  on  exposed 
(100)  crystal  planes.  During  dehydration  adjacent  OH  ions 
are  assumed  to  combine  at  random,  but  only  about  two  thirds 
of  the  OH  ions  can  be  removed  without  disturbing  local  order 
(no  two  or  more  adjacent  sites  are  left  vacant).  Further  de¬ 
hydration  requires  the  creation  of  oxide  and  vacancy  disord¬ 
er.  Random  removal  of  all  hydroxyl  pairs  leaves  the  surface 
as  illustrated  in  Figure  2.1.  Five  different  types  of  hy¬ 
droxyl  groups  having  from  zero  to  four  nearest  oxide  nei¬ 
ghbours  are  predicted  and  their  cor respondi ng  infrared  vi¬ 
brational  frequencies  are  shown  in  Table  2-1.  The  presence 
of  free  hydroxyl  groups  on  the  surface  has  been  shown  by  de¬ 
uterium  exchange  as  well  as  by  infrared  spectroscopy 
(14-15).  The  environmental  differences  of  the  OH  groups  were 
assumed  to  lead  to  different  acidic  properties  of  the  hy¬ 
droxyl  groups.  Peri  (12)  suggested  that  the  low  frequency 
hydroxyls  (3700  cm-1)  were  the  most  acidic,  and  the  high 
frequency  hydroxyls  (3800  cm-1)  the  least  acidic  ones.  Ho¬ 
wever,  the  exchange  of  deuterium  with  the  latter  is  appre¬ 
ciably  higher  than  that  of  the  other  hydroxyls  (14-15).  The 


•U9 


■ 


6 


Figure  2 


+  DENOTES  A l3*  IN  LOWER  LAYER 


1  Model  of  Peri  on  arrangement  of  OH  groups  on  alu- 

mi  na 
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Table  2.1  IR  Spectra  of  Hydroxyl  Groups  on  Alumina 


Band 

Wavenumber ,  cm- 1 

No.  of  Nearest  Oxide  Neighbors 

A 

3800 

4 

B 

3780 

3 

C 

3744 

2 

D 

3733 

1 

E 

3700 

0 

*wi th  reference  to  Figure  2.1 
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assignment  of  the  observed  OH-stretching  bands  remains  ambi¬ 
guous  and  renders  a  discussion  of  the  nature  of  surface 
sites  rather  difficult.  These  contradictions  probab 1 ypoi nt 
to  the  two  weakest  points  in  Peri's  surface  model. 

First,  the  surface  of  aluminas  is  much  more  complex  and 
crystal  faces  other  than  the  (100)  face  might  also  be  ex¬ 
posed  (16-17).  His  model  can  in  fact  only  be  applied  to 
square  lattices  in  which  only  equivalent  OH  configurations 
occur;  therefore  it  is  not  applicable,  for  example,  to  the 
(111)  face.  This  implies  that  the  assignment  of  the 
OH-stretching  vibrations  by  Peri  does  not  take  into  account 
the  different  bonding  character  of  the  surface  OH  ligands  in 
the  various  possible  configurations.  The  second  weakness 
(18)  lies  in  the  assumption  that  the  number  of  nearest  oxide 
neighbors  in  the  surface  is  the  dominant  factor  that  deter¬ 
mines  the  OH-stretching  frequency.  It  is  argued  (18)  that 
inductive  effects  usually  are  not  effectively  transmitted 
through  more  than  two  bonds  and  since  the  influence  of  an 
anion  nearest  neighbor  in  the  surface  has  to  be  transmitted 
through  four  bonds,  their  effect  upon  the  OH-stretching  fre¬ 
quency  should  be  minor. 

In  a  series  of  papers,  Zecchina  (19),  Borello  et  al . 
(20)  and  particularly  Morterra  et  al.  (21)  have  pointed  out 
that  the  coordination  of  surface  OH  groups  should  be  an  im¬ 
portant  factor  in  determining  the  OH-stretching  frequency. 
Morterra  et  al.  (21)  assigned  the  OH-stretching  bonds  in  the 
range,  3760-3800  cm-1,  to  OH  groups  belonging  to  the 
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coordination  sphere  of  tetrahedra 1 ly  coordinated  Al+3  ca¬ 
tions  and  those  in  the  range  3700-3750  cm-1  to  OH  groups 
shared  by  an  octahedral ly  and  tetrahedra 1 1 y  coordinated  Al  +  3 
cation, 
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(2.02) 


where  the  square  represents  an  OH  group.  This  new  approach 
was  developed  in  detail  in  a  recent  review  by  Knozinger 
(18).  All  possible  types  of  OH  configurations  occurring  on 
the  three  faces  (111),  (110),  and  (100)  of  aluminas  were 

considered  and  are  summarized  below: 

1.  Type  la:  OH  group  coordinated  to  a  single  tetrahedral 
A 1 3  +  cation 

2.  Type  Ila:  Bridging  OH  group  which  links  a  tetrahedral 
and  an  octahedral  cation 

3.  Type  lib:  Bridging  OH  group  between  two  cations  in  octa¬ 
hedral  positions 

4.  Type  III:  OH  group  coordinated  to  three  cations  in  octa¬ 
hedral  positions 

5.  Type  IB: OH  group  coordinated  to  a  single  octahedral  ca¬ 
tion. 

Accordingly  a  maximum  of  five  different  OH  configurations 
should  be  expected  on  the  alumina  surface.  Knozinger  also 
used  in  his  review  a  concept  related  to  the  strength  of  the 
electrostatic  bonds  between  aluminum  and  oxygen  ions 
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originally  introduced  by  Pauling  (22),  to  estimate  the  net 
charges  at  a  surface  oxygen  atom  and  a  surface  OH  group  in 
the  various  configurations.  Earlier  Jones  (23)  had  demon¬ 
strated  that  the  stretching  vibration  frequency  of  OH  groups 
depended  on  their  net  charge.  This  enabled  Knozinger  to  as¬ 
sign  the  detected  OH  bands  with  decreasing  wavenumber  to  the 
correspondi ng  configurations  with  increasing  positive 
charge.  The  appearance  of  five  distinct  IR  bands  can  now  be 
better  explained  by  the  existence  of  five  possible  confi¬ 
gurations  of  OH  groups  in  the  surfaces  of  spinel  structure. 
Table  2-2  summarizes  the  results  of  his  analysis  ,  one  more 
general  and  satisfying  than  that  of  Peri.  In  fact,  taking 
the  recent  approach  of  Knozinger,  only  one  band  ( lb  confi¬ 
guration)  should  be  obtained  in  the  case  of  the  (100)  face 
of  the  -alumina  taken  by  Peri  for  deriving  his  surface  mo¬ 
del.  The  relative  basicities  and  protonic  acidities  of  nei¬ 
ghbouring  OH  ions  has  also  been  described  as  the  governing 
factor  (18)  during  the  regular  dehydroxy  1  at  ion  of  the  sur¬ 
face.  The  hydroxy  1  at i on  of  the  surface  in  the  presence  of 
residual  water  is  clearly  understood  by  comparing  the  respe¬ 
ctive  net  charges  of  the  oxygen  anions  and  of  the  hydroxyl 
groups.  Following  Pauling's  electrostatic  valence  rule  (22), 
the  net  charge  in  a  stable  ionic  structure  should  be  equal 
or  nearly  equal  to  zero  and  on  Table  2-2,  this  requirement 
is  always  better  approximated  when  OH  groups  instead  of 
oxygen  are  the  surface  ligands. 

Some  evidence  in  support  of  the  adequacy  of  Knozinger' s 
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Table  2.2  Possible  OH  Configurations  on  Alumina 


Crystal 

face 

(111) 

(110) 

(100) 


Config¬ 

uration 

Coord i - 
nation 

A 1  ( VI ) 

numbers 

A 1  ( I V  ) 

Net 

charge 
at  0 

Net 

charge 
at  OH 

OH 

frequency 
cm-  1 

III 

3 

-0.5 

+  0.5 

3700-3710 

lib 

2 

— 

-1.0 

0 

3740-3745 

I  la 

1 

1 

-0.75 

+  0.25 

3730-3735 

la 

-  - 

— 

-1.25 

-0.25 

3760-3780 

lb 

1 

~  — 

-1.5 

-0.5 

3785-3800 

lib 

2 

-1.0 

0 

3740-3745 

I  a 

1 

-1.25 

-0.25 

3760-3780 

lb 

1 

—  — 

-1.5 

-0.5 

3785-3800 

lb 

1 

-1.5 

-0.5 

3785-3800 
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surface  model  will  now  be  reported.  One  type  of  hydroxyl 
group,  namely  that  exhibiting  the  highest  stretching  at  3800 
cm-1  on  alumina  is  sufficiently  basic  to  react  with  CO  to 
form  a  bicarbonate  ion  (24-25).  Similarly,  Amenomiya  and 
co-workers  (26)  by  using  C1802.  showed  recently  that  the 
oxygen  of  alumina  surface  cor respondi ng  to  the  hydroxyl 
groups  at  the  highest  frequency  is  exchanged  readily  with 
carbon  dioxide,  probably  through  bicarbonate  and/or  bident- 
ate  carbonate  ions  even  at  room  temperature,  while  the 
oxygen  atoms  of  other  hydroxyl  groups  are  exchanged  only  at 
high  temperatures .  According  to  Knozinger' s  model,  the  ease 
of  removal  of  OH  groups  should  parallel  their  basicity  (i.e. 
their  net  negative  charge)  and  in  agreement  with  Amenomiya' s 
results,  these  labile  OH  groups  (high  frequency  stretching) 
correspond  to  the  la  and  lb  configurations  of  Table  2-2. 

When  chemisorbed  pyridine  is  treated  at  more  than 
400°C ,  new  IR  bands  develop  (1634  cm"1,  1553  cm-1,  1368  cm-1 
and  1294  cm-1)  which  have  been  assigned  by  Knozinger  et  al. 
(27)  and  very  recently  by  Morterra  et  al .  (28)  to  an 

pyridone  species.  Their  formation  through  a  nucleophilic 
attack  of  a  surface  OH  group  absorbing  at  3780  cm-1  onto  the 
2-position  of  the  aromatic  ring  was  postulated.  In  fact,  the 
3780  cm-1  bond  is  not  reformed  at  any  evacuation  tempera¬ 
ture.  This  tends  to  confirm  the  higher  basicity  of  the 
high-f requency  hydroxyl  groups  in  conformity  with 
Knozinger' s  model. 

Finally,  using  infrared  spectroscopy  Chukin  (29) 
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recently  showed  the  existence  of  NH,* +  ion  on  alumina  when 
contacted  with  ammonia  and  that  these  species  were  formed  by 
interacting  with  the  low  frequency  acidic  OH  groups.  The 
other  OH  groups  were  not  influenced  by  the  presence  of  am¬ 
monia  and  cannot  be  considered  as  Bronsted  acidic  centres. 
In  the  same  paper ,  the  Bronsted  acidity  of  the  low  frequency 
vibrating  hydroxyl  groups  (3665  cm-1)  was  confirmed  by  their 
exchange  with  sodium  ions. 

2.1.3  The  active  sites  of  catalytic  aluminas 

The  activation  of  catalytic  aluminas  occurs  during 
their  dehydroxyl  at  ion  at  high  temperature  (300  -  700°C). 
According  to  Knozinger  ,  the  elimination  of  neighboring  OH 
groups  will  tend  to  minimize  the  charge  defects  created  by 
the  removal  of  either  a  proton  from  a  surface  oxygen  or  an 
OH  group  from  a  coordination  site  in  a  given  crystal  plane. 
This  regular  dehydroxyl  at  ion  process  forms  CUS  ( coordi nate 1 y 
unsaturated  sites)  , oxygen  anions  (Lewis  basic  sites),  and 
anion  vacancies  which  expose  CUS  aluminum  ions  (Lewis  acid 
sites).  Numerous  thermogravimetr ic  analysis  data  are  avail¬ 
able  in  the  literature  on  the  dehydration  of  both  ^  -  and 
^"Al  0  .  The  percent  monolayer  coverage  as  well  as  the  OH 
groups  retained  on  the  surface  have  been  shown  as  a  function 
of  the  dehydroxyl  at  ion  temperature  in  figure  9  of  (18).  It 
is  apparent  that  comparable  degrees  of  dehydroxy 1  at  ion  at 
similar  temperature  were  obtained  in  the  data  reported  in 
the  various  sources  (13,30-35).  Later,  this  study  on  the 
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Kinetics  of  dehydration  of  isopropanol  (in  the  presence  of 
water)  will  be  performed  around  500  K;  therefore,  it  is  of 
particular  interest  to  expect  a  fractional  monolayer  co¬ 
verage  of  roughly  0.5  under  these  conditions.  This  coverage 
corresponds  to  roughly  101 4  cm"2  Lewis  acid  and  Lewis  base 
sites  on  the  exposed  surface.  From  specific  poisoning  ex¬ 
periments,  the  number  of  catalytical ly  active  sites  is  gen¬ 
erally  one  or  two  orders  of  magnitude  lower  for  many  cata¬ 
lytic  reactions  (39-42).  As  a  result,  both  Lewis  acidic  and 
basic  sites  produced  during  the  regular  dehydroxy  1  at  ion  pro¬ 
cess  are  unlikely  to  be  involved  as  active  sites.  This  weak¬ 
ness  certainly  constitutes  one  of  the  main  shortcomings  of 
the  more  or  less  idealized  models  of  the  surface  described 
in  the  literature.  They  all  fail  to  predict  both  structural 
and  energetic  properties  required  for  an  active  site.  Alter¬ 
natively,  the  creation  of  special  site  configurations  may  be 
responsible  for  the  catalytic  activity  of  transition  alu¬ 
minas.  It  is  well  known,  that  for  stoichiometric  reasons, 
not  all  of  the  cation  positions  can  be  occupied  in  the 
spinel  lattice.  On  the  other  hand,  it  is  not  known  how  the 
different  planes  of  the  crystal  lattice  alternate  on  the  ex¬ 
posed  alumina  surface.  Such  i r regu 1 ar i t i es  may  appear  as 
corners  at  the  boundaries  of  adjacent  crystal  planes.  Both 
situations  could  lead  to  the  formation  of  several  unusual 
defect  site  configurations  of  low  probabi 1 i ty . These  provide 
the  catalytic  activity  of  aluminas  and  such  populations  can¬ 
not  be  predicted  from  idealized 
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considerations.  The  density  of  the  defect  sites  created  dur¬ 
ing  dehydroxy  1  a t i on  can  be  expected  to  be  much  lower  than 
ihat  of  the  lattice  sites  and  to  equal  roughly  the  experi¬ 
mentally  determined  number  of  active  sites  for  various  cata¬ 
lytic  reactions  (18). 

2.1.4  Acid-base  and  redox  properties  of  catalytic  aluminas 
More  generally,  oxides  like  alumina  expose  cations, 
oxygen  anions  and  hydroxyl  groups. The  surface  coordinative 
unsaturation  of  these  groups  is  considered  to  cause  the 
activity  or  reactivity  of  the  various  surface  sites  (43). 
Alternatively,  many  workers  describe  the  surface  properties 
of  oxides  in  terms  of  surface  acidic  and  basic  sites  (44) 
and  even  reducing  and  oxidizing  sites.  Various  physical 
chemical  methods  are  available  to  determine  acidity  (45), 
but  the  values  from  the  different  methods  do  not  agree  and 
even  differ  widely.  Moreover , sever a  1  methods  do  not  allow 
one  to  distinguish  clearly  between  protonic  and  aprotonic 
centres (  spectroscopic  methods  may  permit  differentiation 
between  electron  acceptor  and  proton  donor  centres).  Pyri¬ 
dine  as  a  base  may  donate  an  electron  pair  or  accept  a  pro¬ 
ton  and  thus, may  interact  with  either  type  of  center.  The 
use  of  infrared  spectroscopy  has  the  advantage  that  the  band 
character  resulting  from  each  type  of  interaction  is  rea¬ 
sonably  characteristic  (46).  While  the  silica-alumina  cata¬ 
lysts  display  strong  Bronsted  acidity  by  this  method 
(46-48),  the  absence  of  Bronsted  acidity  and  the  existence 
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of  Lewis  acidity  has  been  verified  on  pure  alumina  (48-50). 
Using  acid-base  indicators,  Pines  and  Haag  (51-52)  have 
shown  that  the  seat  of  acid  activity  i n /v^-a  1  umi na  consists 
of  Lewis,  not  Bronsted  acidity.  Acid-base  properties  are  de¬ 
monstrated  by  the  capability  of  chemisorbing  basic  molecules 
such  as  amines,  N-heterocyc les ,  nitriles,  Ketones  as  well  as 
acidic  molecules  such  as  CO2  ,  BF^ ,  carboxylic  acids  and 
phenol.  Details  of  specific  studies  on  alumina  and  their  li¬ 
mitations  were  reviewed  extensively  by  Knozinger  (39).  One 
drawback  is  the  difficulty  in  discriminating  between  surface 
sites  that  purely  adsorb  the  probe  molecule  and  those  which 
are  actually  involved  as  active  sites  in  a  particular  cata¬ 
lytic  process.  The  possibility  of  "mu  1 1 i center  sites" 
(acid-base  pair  sites)  which  actively  interfere  in  catalytic 
elementary  processes  and  which  are  modified  by  either  acidic 
and/or  basic  molecules , also  exists. 

In  addition  to  its  large  numbers  of  acid  and  base 
centres,  alumina  is  also  Known  for  its  activity  in  catalytic 
redox  processes.  In  his  pioneering  work,  Green ler  (53)  found 
that  alcohols  were  oxidized  at  elevated  temperatures  on  the 
alumina  surface  even  with  carefully  controlled  absence  of 
oxygen.  The  oxidized  species  of  alcohol  formed  on  the  sur¬ 
face  were  identified  as  aluminum  carboxylates  by  infrared 
spectroscopy.  It  appeared  that  one  of  the  oxygen  atoms  of 
this  complex  originated  from  the  oxygen  surface  lattice. 
Independent  ESR  measurements  made  later  by  Ono  and  Kei i  (54) 
confirmed  Greenler's  discovery.  The  presence  of  reactive 
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oxygen  atoms  on  alumina  was  also  shown  by  Basset  (55)  who 
reported  that  the  number  of  these  highly  reactive  oxygen 
atoms  is  0.1  atom/nm2.  Further  evidence  of  the  oxidizing  ca¬ 
pability  of  alumina  was  provided  by  Parkyns  (56),  when  he 
studied  the  adsorption  of  CO  on  alumina.  The  resulting  in¬ 
frared  spectra  displayed  characteristic  bands  of  adsorbed  C02 

Oxidizing  and  reducing  properties  of  alumina  are  mani¬ 
fested  also  in  its  ability  to  oxidize  anthracene,  perylene 
and  phenotiazine  to  the  cor respondi ng  cation  radicals 
(57-59)  and  to  reduce  tetracyanoethy lene ,  di-  and  trinitro- 
benzenes  to  the  correspondi ng  anion  radicals  (59-61).  Be¬ 
cause  of  the  one-electron  transfer  process  with  the  surface, 
the  resulting  species  are  spin-unpaired  and  give  strong  re¬ 
sonance  absorption  when  investigated  by  ESR  spectroscopy. 
The  existence  of  one-electron  accepting  centres  (oxidizing) 
and  electron  donating  centres  (reducing)  is  suggested  by 
these  processes.  Previously,  Lewis  acid  and  base  centres 
have  also  been  defined  to  be  acceptors  or  donors  of  ele¬ 
ctrons,  but  in  these  cases,  a  simultaneous  transfer  of  an 
electron  pair  occurs.  Nevertheless  the  fact  that  both  types 
(redox  and  acid-base)  of  surface  centres  are 
electron-acceptors  and  electron-donors  has  brought  up  the 
idea  that  the  same  centres  could  play  the  role  of  acidic 
centres  with  one  adsorbate  and  the  role  of  oxidizing  centres 
with  other  substrates.  This  concept  of  the  double  nature  of 
Lewis  centres  was  first  suggested  by  Schwab  and  Krai  (67). 
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Although  this  duality  has  been  criticized  by  FlocKart  and 
Pink  (68)  as  "undesirable  and  confusing",  it  will  appear  in 
the  following  that  the  distinction  between  the  sites  in¬ 
volved  in  acid-base  reactions  and  those  in  redox  reactions 
is  not  obvious. 

Ghorbel  et  al  (69)  have  found  that  in  the  case  of  alu¬ 
mina,  oxidizing  and  reducing  centres  are  the  same  centers  as 
the  acidic  and  basic  sites  taking  part  in  the  acid-base  ca¬ 
talyzed  reaction  ,  isomerization  of  1-butene  into  2-butene. 
They  discovered  that  the  reaction  was  poisoned  both  by  am¬ 
monia  and  phenotiazine  (which  are  poisons  for  acidic  and 
oxidizing  sites,  respectively)  and  by  acetic  acid  and  TCNE 
(poisons  for  basic  and  reducing  sites,  respectively).  Their 
conclusion  was  that  the  reaction  required  the  simultaneous 
participation  of  two  centres:  acid  centres  with  oxidizing 
nature  and  basic  centres  with  reducing  character.  In  rela¬ 
tion  to  the  dehydration  of  alcohols  on  alumina  Figueras  Roca 
(70)  found  a  strong  inhibiting  effect  of  TCNE.  They  con¬ 
cluded  that  this  type  of  reaction  requires  the  simultaneous 
presence  of  acidic  and  basic  (reducing)  sites.  In  another 
paper  Knozinger  and  Muller  showed  that  the  spin  concentra¬ 
tion  of  the  perylene  cation  on  alumina  surfaces  can  be  re¬ 
duced  significantly  by  pyridine  adsorption.  This  result  also 
suggests  the  participation  of  Lewis  acid  sites  in  the  radic¬ 
al  cation  formation. 

A  different  opinion  was  expressed  by  Marczewski  and  Ma¬ 
linowski  (71)  who  studied  the  effect  of  preadsorpt ion  of  2- 


* 


' 


19 


chloro  -  4  nitroaniline  (a  Hammett  indicator  strongly 

adsorbed  on  basic  centres  cor respondi ng  to  (H  >17.2)  on  the 
ESR  signal  of  TONE  anion  radicals.  They  concluded  that  in 
the  case  of  alumina,  basic  and  reducing  centres  coexist  in¬ 
dependently  since  the  adsorption  of  the  mentioned  indicator 
did  not  change  the  appearance  of  the  ESR  signal  due  to  TCNE~ 
anion  radicals. 

The  existence  of  interdependent  electron-  donor  and  ac¬ 
ceptor  sites  on  alumina  has  been  demonstrated  by  Flockart 
and  coworkers ( 6 1 ) .  A  strong  increase  in  the  intensity  of 
tr i ni trobenzene  radical  anion  was  observed  when  perylene  was 
preadsorbed.  An  analogous  behaviour  occurs  when  the  sequence 
of  the  adsorption  compounds  is  reversed;  the  signal  of  pery¬ 
lene  cation  radicals  was  enhanced  by  the  addition  of 
1 ,3,5, -trini trobenzene.  Designating  by  A  an 

electron-acceptor  centre  and  by  D  an  electron  donor  site, 
the  electron-donating  capability  of  D  is  insufficient  to 
convert  tr i ni trobenzene  into  a  radical  anion.  When  the  ele¬ 
ctron  coming  from  chemisorbed  perylene  on  centre  A  is  pre¬ 
sent,  it  reinforces  centre  D  to  the  point  where  electron 
transfer  occurs  as  depicted  in  (2-3). 

ft 

RH+0  TNB 

. .  (2.03) 
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These  results  show  that  on  alumina  (and  other  oxide  sur¬ 
faces),  electron-donor  and  acceptor  sites  exist  in  close 
proximity  and  that  they  are  interdependent.  The  coordinative 
acid-base  sites  on  alumina  are  possibly  associated  with  an 
abnormally  exposed  aluminum  ion  and  a  defect  centre  contain¬ 
ing  oxide  ions. 

2.2  Infrared  Studies  Of  Adsorption  Of  Alcohols  On  Alumina 

Infrared  spectral  studies  of  the  adsorption  of  alcohols 
on  alumina  surface  using  the  in  situ  technique  have  been  re¬ 
ported  previously  and  three  different  types  of  surface  spe¬ 
cies  were  observed: 


1 . 

molecular  alcohol  adsorbed 

via  H  bonds  (62-64) 

2. 

alkoxide  groups  formed 

by  dissociative 

adsorption 

(36-38,53,62,63,65-66) 

3. 

carboxylate  structures 

formed  by  oxidation  of 

the 

alco- 

hoi  (62,63,53,65-66,71  , 

72) 

The 

molecular  adsorption 

of 

alcohols  has  been 

wel  1 

docu- 

mented  by  Knozinger  (73).  NMR  studies  showed  that  the  hy¬ 
droxyl  group  of  the  alcohols  interact  directly  with  the 
oxide  surface  (74).  This  is  confirmed  by  the  absence  of  the 
free  alcoholic  stretching  vibration  on  the  infrared  spectra 
of  adsorbed  alcohol.  The  simultaneous  perturbation  of  the 
free  surface  hydroxyl  groups  can  be  most  easily  interpreted 
by  the  reaction  of  H-bonds  between  the  alcoholic  group  of 
the  adsorbed  molecule  and  the  surface  OH  groups  as  proposed 
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in  (2.04)  by  Kagel  (62)  and  by  Deo  et  a  1.(63). 

These  species,  which  display  an  infrared  spectra  similar  to 
its  liquid  counterpart  is  weakly  H-bonded  to  the  surface 
since  it  is  readily  desorbed  hy  evacuation  at  room  tempera¬ 
ture.  Consequently,  the  relevance  of  such  labile  species  in 
the  dehydration  of  alcohols  can  be  almost  ruled  out,  because 
their  presence  at  reaction  temperature  is  very  unlikely. 

H  R 

0 
« 

H  (2.04) 

0 

//// 

2.2.1  Alumina  a  1 kox i de  structures 

By  comparison  of  the  IR  spectra  of  adsorbed  phases  with 
those  of  solid  alkoxides,  Greenler  (53)  first  suggested  the 
presence  of  surface  alkoxides  groups  upon  adsorption  of 
ethanol  or  methanol.  Similar  results  were  obtained  later 
with  1-propanol  (62,38),  1-Butanol  (62,38)  and 
benzy 1 -a lcohol ( 65 ) .  In  the  case  of  isopropanol,  of  particu¬ 
lar  interest  in  this  work,  the  presence  of  alkoxide  species 
was  also  postulated  by  Treibmann  and  Simon  (66).  Their  evi¬ 
dence  can  however  be  questioned.  It  was  clearly  established 
elsewhere  (17)  that  in  aluminum  isopropoxide  the 
aluminum-oxygen-carbon  linkage  gives  rise  to  a  specific  ab¬ 
sorption  band  at  1033  cm-1.  In  practice,  the  substantial 

lattice  absorption  of  the  alumina  support  in  this  region 
makes  the  observation  of  the  1033cm"1  band  very  difficult, 
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and  this  interference  was  not  mentioned  by  Treibmann  and  Si¬ 
mon.  On  the  other  hand,  with  the  exception  of  this  1033  cm"1 
absorption  band,  the  spectra  of  liquid  isopropyl  alcohol  and 
aluminum  isopropoxide  are  not  easily  differentiated  and  so, 
this  matter  remains  controversial.  Similarly,  Chuang  (75) 
proposed  the  presence  of  alKoxide  in  the  cases  of 
2-propanol ,  2-butanol  and  3-pentanol  without  strong  spectro¬ 
scopic  evidence.  Because  of  the  absence  of  the  characterist¬ 
ic  bands  of  their  respective  alkoxides,  other  authors  (65) 
disclaimed  the  formation  of  alkoxides  on  adsorption  of  iso¬ 
butanol,  eye lohexanol  and  t-butanol . In  their  study,  the  che¬ 
misorbed  species,  relatively  strongly  bonded  to  the  surface, 
displays  a  sequence  of  bands  similar  to  those  of  the  corre¬ 
sponding  liquid  alcohols.  However,  because  of  their  relative 
stability  and  low  concentration  on  the  surface,  these  chemi¬ 
sorbed  species  cannot  be  mistaken  for  physically  H-bonded 
species  and  their  quick  disappearance  at  temperatures  equi¬ 
valent  to  the  onset  of  the  dehydration  reaction  suggests 
their  participation  in  some  intermediate  stage  of  the  reac¬ 
tion. 

In  summary,  depending  on  the  substrate  used,  two  kinds 
of  chemisorbed  entities  appear  to  be  formed  on  the  alumina 
surface.  For  the  more  simple  primary  alcohols,  alkoxide  spe¬ 
cies  have  been  observed  without  ruling  out  the  presence  of 
other  chemisorbed  entities.  With  secondary  and  tertiary  al¬ 
cohols,  adsorbed  species  not  necessarily  identifiable  with 
alkoxides  are  usually  observed.  Quite  judiciously,  Knozinger 
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(73)  pointed  out  that  in  parallel  with  the  formation  of 
alKoxide  species  during  adsorption,  the  cor respondi ng  alco¬ 
hols  yield  ether ,  at  least  at  low  temperatures  .  Thermochem¬ 
ical  investigations  of  the  alKoxide  stability  show  analogous 
distinctions  (76).  In  the  absence  of  contrary  evidence  it  is 
quite  plausible  that  the  surface  alKoxides  observed  to  be 
present  are  directly  concerned  with  the  selectivity  during 
dehydration  of  alcohols  on  alumina.  We  should  also  be  aware 
that  the  different  ratios  of  -OR  radicals  to  A1  atoms  be¬ 
tween  surface  alKoxides  and  aluminum  alcoholates  may  greatly 
complicate  the  i nterpretat ion  of  infrared  spectra. 

The  question  concerning  the  sites  involved  in  the  for¬ 
mation  of  alKoxides  is  crucial  to  the  i nterpretat ion  of 
their  role.  Again  no  unanimous  agreement  exists  on  this  sub¬ 
ject.  Two  possible  routes  for  the  formation  of  alKoxides  by 
dissociative  adsorption  have  been  proposed: 

1.  a  hydroxyl  proton  may  be  split  off  to  form  a  surface  OH 
group,  while  the  alKoxide  residue  occupies  an  oxygen  va¬ 
cancy  in  the  surface  (Lewis  center)  as  in  (2.05); 


0 


OR  H 


+  ROH 


0 


(2.05) 


A 1  A 1 


2.  the  C-Q  bond  of  the  alcohol  may  be  broKen,  the  resulting 
hydroxyl  group  filling  an  oxygen  vacancy  on  the  surface 
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while  the  alkyl  residue  adds  to  an  adjacent  oxygen  ion. 
The  somewhat  lower  energy  of  rupture  of  the  C-0  bond  in  the 
free  alcohol  favors  the  second  alternative.  Recent  infrared 
results  (75)  with  ethanol  using  an  alumina  surface  enriched 
with  018  favored  the  second  possibility.  In  both  cases  ho¬ 
wever,  the  alkoxide  formation  necessitates  acid-base  pair 
sites  (incompletely  coordinated  surface  aluminum  ions  adja¬ 
cent  to  a  surface  basic  oxygen).  In  the  previous  schemes, 
the  alkoxide  reaction  was  considered  dissociative  in 
nature, however  , undi ssoci ated  intermediate  alkoxides  as 
shown  in  (2.06)  have  been  proposed  by  Bremer  (17). 


(2.06) 


If  such  species  do  exist,  their  spectral  character i st i cs 
should  lie  between  those  of  alcohols  and  alkoxides.  This  may 
explain  the  ambiguities  encountered  in  the  i nterpretat ion  of 
infrared  spectra  of  chemisorbed  alcohols.  The  chemisorbed 
entities  in  (2.5)  were  considered  by  Bremer  as  the  essential 
intermediate  in  the  dehydration  reaction;  his  argument  was 
based  on  the  concept  that  more  conventional  alkoxides  were 
too  stable  to  decompose  into  olefin  and  water.  It  is  unfor¬ 
tunately,  conceivable  that  the  alkoxide  stability  will  be 
dependent  on  the  substrate  molecule  and  thus,  varying  de¬ 
grees  of  dissociation  into  surface  alkoxides  may  be  expected 
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for  different  alcohols.  Analogously,  the  heterogeneous  dis¬ 
tribution  in  strength  of  the  acid-base  pair  sites  of  a  sur¬ 
face  may  also  give,  more  or  less,  dissociated  alkoxide  spe¬ 
cies  for  the  same  alcohol.  These  differences  may  help  to  ex¬ 
plain  why  the  thermochemica 1 ly  more  stable  aluminum 
alkoxides  of  the  primary  alcohols  have  been  the  only  ones 
observed  unequivocally  by  infrared  measurements.  In  addition 
to  the  energetic  factor,  from  a  steric  standpoint  it  is  ea¬ 
sier  for  the  normal  alcohols,  because  of  their  less  bulky 
hydrocarbon  chain,  to  coordinate  on  the  exposed  aluminum  ca¬ 
tions  which  lie  below  the  oxygen  anion  outer  layer, than  for 
the  more  highly  substituted  alcohol  molecules  to  do  so. 

The  proposition  that  alkoxide- 1  ike  structures  are  in¬ 
termediates  in  the  monomolecular  dehydration  of  alcohols  re¬ 
mains  speculative  and  other  views  have  also  been  advanced. 
Earlier,  the  physically  H-bonded  alcohol  species  (I)  was 
stated  to  be  too  weakly  bonded  to  the  catalyst  to  be  consi¬ 
dered  as  a  possible  reaction  intermediate.  The  stability  of 
this  latter  species  may  be  increased  by  additional  bonding 
to  the  surface  as  shown  in  species  (2.07). 


(2.07) 


the  alkoxide  reaction  was  considered  dissociative  in 
nature , however  , undi ssoci ated  intermediate  alkoxides  as 
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shown  in  (2.06)  have  been  proposed  by  Bremer  (17). 

In  fact  such  two-point  adsorption  species  have  been  proposed 
as  intermediate  complexes  for  the  monomolecu I ar  dehydration 
of  alcohols  by  Knozinger  (73)  and  by  Chuang  and  al.(78).  At 
this  point,  one  realizes  that  the  infrared  technique  alone 
is  not  sufficiently  sensitive  to  permit  differentiation  of 
the  subtle  differences  between  the  vibration  frequencies  of 
all  the  postulated  intermediate  reactive  species.  More  on 
this  topic  will  be  presented  in  the  next  section  of  this 
chapter  where  Kinetics,  poisoning  and  isotopic  effects  are 
combined  with  infrared  observations. 

2.2.2  Carboxylate  structures 

These  are  the  most  stable  species  formed  by  the  in¬ 
teraction  of  alcohols  on  alumina.  They  are  formed  by  oxida¬ 
tion  of  the  alcohols  above  170°C  and  have  been  observed  by 
infrared  for  methanol  (53,72),  ethanol  (53,  66,  69,  72), 

1 -propanol  (62,  65,  79),  1 -butanol  (62,  79),  2-  propanol 
(66,  72),  benzyl  alcohol  (80)  and  isobutyl  alcohol  (80). 
Moreover ,  no  indication  of  a  surface  carboxylate  was  found 
by  Knbzinger,  et  al.(65)  in  the  case  of  t-butanol.  In  view 
of  their  high  stability  up  to  500°C,  these  surface  carboxy- 
lates  are  unlikely  to  be  involved  as  intermediates  in  sur¬ 
face  reactions  below  300°. The  infrared  identification  of 
these  species  is  based  on  the  similarity  of  their  absorption 
bands  to  those  of  aluminum  formates  and  acetates  (53).  The 
splitting  of  the  vibrational  absorption  bands  of  COO"  during 
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the  adsorption  of  alcohols  on  alumina  enriched  with  isotope 
018  (79)  indicates  the  participation  of  surface  oxygen  atoms 
of  the  ca ia lyst  in  ihe  carboxylate  structure  formation. 
AlKoxide  species  were  observed  to  transform  into  carboxylate 
compounds  by  elevating  the  temperature  (53,  62).  An  exellent 
paper  by  Fink  (72)  gives  a  satisfactory  i nterpretat i on  ofn 
the  nature  and  mechanism  of  formation  of  carboxyl ates .  At 
the  beginning  of  the  dehydration  reaction  of  isopropanol, 
when  carboxyl ates  are  formed,  Fink  also  detected  some  dehy¬ 
drogenation  products  (acetone).  He  concluded  that  since  ace¬ 
tone  readily  forms  carboxylate  species, the  latter  originate 
from  acetone- like  species.  The  reaction  scheme  is  depicted 
below  and  was  later  confirmed  by  Chuang ,et  al.  (78). 
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Both  authors  observed  by  mass  spectral  analysis  the  presence 
of  hydrogen  and  methane.  In  the  case  of  CO  (72)  , bicarbonate 
species  are  formed  analogously.  Fink  concluded  that  the  OH 
groups  having  the  greatest  formal  negative  charge  (the  most 
basic  OH  groups)  should  be  best  favoured  for  these  reac¬ 
tions.  Recalling  section  2.1.2  , these  OH  groups  correspond 
to  the  high  frequency  hydroxyl  groups.  The  stability  of  the 
carboxylate  species  can  be  easily  explained.  The  surface  of 
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alumina  surface  possesses  electron  donor  centres  as  well  as 
electron  acceptor  centres.  The  lowest  energy  state  of  the 
surface  will  be  obtained  when  both  electron  donor  (basic) 
and  electron  acceptor  (acidic)  sites  are  saturated  by  coor- 
dinative  bonds,  and  the  simultaneous  saturation  of  the  dual 
sites  by  the  carboxylate  structures  satisfies  these  require¬ 
ments.  Although  these  species  represent  the  most  stable  sur¬ 
face  state,  they  are  formed  with  a  sufficient  velocity  only 
at  high  temperature  because  of  some  high  activation  energy 
probably  related  to  the  geometric  requirements. 

It  may  seem  superfluous  to  extend  the  discussion  con¬ 
cerning  the  carboxylate  species  since  their  high  thermal 
stability  tends  to  exclude  them  as  possible  intermediates  in 
the  dehydration  reaction.  Nonetheless,  it  seems  likely  that 
the  activity  of  alumina  towards  different  catalytic  pro¬ 
cesses  is  lowered  by  the  formation  of  these  species  on  its 
strongest  sites.  According  to  scheme  (2-6),  both  acidic  and 
basic  properties  are  required  for  their  formation.  Acid-base 
pair  sites  have  been  shown  to  be  important  in  cracking  reac¬ 
tions  (77)  and  in  double-bond  isomerization  of  olefins  (78) 
by  specific  poisoning  experiments  even  though  their  chemical 
nature  and  their  action  in  the  activation  of  reactant  mole¬ 
cules  are  not  well  understood  (56).  The  formation  of  car- 
boxylates  on  such  sites  should  therefore  alter  the  catalyst 
activity.  It  is  not  emphasized  enough  in  the  literature  that 
various  reactions  on  the  same  catalyst  may  well  occur  on 
chemically  similar  active  portions  of  the  surface,  the 
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difference  being  that  sites  of  greater  or  lesser  activity 
are  necessary  for  the  various  processes.  This  argument 
parallels  the  well-known  ones  advancing  the  heterogeneity  of 
catalytic  supports  (like  oxides)  which  is  not  predicted  by 
any  simple  surface  model . 

2.2.3  Adsorption  of  water 

The  catalytic  activity  of  a  wide  variety  of  reactious 
and  particularly  the  dehydration  of  alcohols  is  reduced  in 
the  presence  of  water.. Water  is  a  Lewis  base  that  can  be  re¬ 
tained  by  incompletely  coordinated  surface  cations  according 
to  (53)  and  as  shown  in  (2.09), 

H20  +  [Al3  +  ]5  [H20  — WU3  +  ]5  (2.09) 

H20  +  [ A 1  — 0 ]j  [ A1 — 0H]S  +  [0H]S  (2.10) 

or  it  can  be  di ssoci at i vely  adsorbed  on  metal-oxygen  pair 
si tes (2.10), 

Apart  from  these  chemisorbed  species,  various  types  of 
H-  bonded  species  have  been  recently  discussed  by  Knozinger 
(81).  These  latter  species  are  physically  adsorbed  at  room 
temperature  and  can  be  removed  from  the  surface  by  heating 
the  catalyst  to  150°C  and  should  not  be  present  above  200°C. 
Accordingly,  under  reaction  conditions,  the  influence  of 
water  can  be  mainly  depicted  by  the  two  above  equations. 
Equation  (2.09)  can  be  related  to  the  amount  of  reversibly 
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chemisorbed  water  while  equat i on ( 2 . 1 0 )  corresponds  to  the 
amount  of  irreversibly  dissociated  water  held  on  the  alumina 
surface.  In  section  2.1.3  it  was  showed  that  in  the  absence 
of  water,  the  degree  of  hydration  of  the  surface  depends 
only  slightly  on  the  temperature.  In  the  narrow  temperature 
range  of  these  Kinetic  studies  (see  Chapter  6)  ,  it  is  rea¬ 
sonable  to  assume  that  the  amount  of  water  irreversibly  held 
on  the  surface  is  constant.  The  influence  of  the  presence  of 
water  during  reaction  probably  corresponds  to  the  process  of 
equation  (2.09)  for  the  reversibly  coordinated  water  mole¬ 
cules  on  the  surface  (82). 


2.3  Dehydration  Reactions  Of  Alcohols  On  Alumina 

Many  questions  must  be  answered  satisfactorily  before 
the  mechanism  of  a  given  reaction  is  said  to  be  Known.  As 
was  well  expressed  by  Hall  (83),  "...the  following  should  be 
answered  at  a  reasonable  level  of  refinement.  What  is  the 
reaction  scheme,  as  derived  from  chemical  evidence  or  tracer 
experiments  What  are  the  reacting  species  What  are  their 
relative  concentrations  What  are  the  modes  by  which  they 
interact  What  are  the  relative  values  of  the  rate  constants 
of  the  unit  steps,  and  which  is  therefore  rate  limiting  Gi¬ 
ven  the  last,  what  is  the  true  activation  energy  of  the  re¬ 
action  and  what  does  the  reaction  coordinate  looK  liKe  As 
one  proceeds  to  answer  these  questions,  one  at  a  time,  the 
mechanism  becomes  Known  with  increasing  sophistication...". 
The  reader  is  referred  to  the  original  ar  tide  (83)  for  a 
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detailed  enumeration  of  the  different  methods  and  techniques 
necessary  to  the  elucidation  of  the  task  at  hand.  The  fol¬ 
lowing  section  reviews  the  knowledge  that  is  most  relevant 
to  the  dehydration  of  alcohols  on  alumina. 

2.3.1  React i on  scheme 

The  dehydration  of  alcohols  on  alumina  catalysts  lead 
to  the  formation  of  ethers,  olefins  and  water.  An  extensive 
survey  of  alcohol  dehydration  was  published  by  Pines  and 
Manassen  for  work  done  prior  to  1966  (84).  A  parallel  conse¬ 
cutive  scheme  is  generally  accepted  which  may  be  written: 


(2.11) 


A,  E,  W  and  0  representing  alcohol,  ether,  water  and  olefin 
respectively.  Both  kinetic  analysis  (85)  and  the  use  of  la¬ 
belled  isotopes  (86)  have  provided  evidence  for  this  scheme 
in  the  case  of  ethanol.  Under  normal  conditions,  the  equili¬ 
brium  is  far  to  the  right  for  all  the  steps  although  it  is 
not  clear  whether  the  reversible  ether  formation  reaction  is 
in  equilibrium.  This  reaction  scheme  (2.11)  has  been  veri¬ 
fied  with  unbranched  primary  alcohols  up  to  n-hexanol  by 
Knozinger  and  Kohne  (73).  For  secondary  alcohols  such  as 
isopropanol,  isobutanol  and  also  t-butanol  (73,87,88),  the 
formation  of  olefins  is  predominant.  The  dehydration  of  iso¬ 
propanol  results  in  only  small  amounts  of  isopropyl  ether 
with  simultaneous  formation  of  propylene.  For  alcohols  of 
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higher  molecular  weight,  the  secondary  isomerization  of  the 
primary  olefins  formed  follows  the  dehydration  process  (89). 
Isopropanol  is  therefore  very  suitable  for  Kinetic  studies 
since  dehydration  of  olefin  is  the  predominant  primary  step 
and  the  propylene  produced  is  not  affected  by  consecutive 
isomerization  steps.  The  reaction  scheme  is  then  simply 
wr i t  ten : 

A1203 

H3C-CH-CH  - *  H^C _ CH-j-CH^  +  H^O  (2.06) 

OH 


2.3.2  Earlier  postulated  mechanisms 

Widely  different  views  concerning  the  mechanism  and  the 
nature  of  the  sites  involved  in  the  dehydration  process  have 
been  postulated  and  are  reviewed  in  detail  in  (17,73,75). 
Actual ly, ionic,  radical  and  covalent  intermediate  complexes 
were  proposed: 

1.  The  carbon i um  ion  mechanism  requires  the  proton  addition 
from  Bronsted  acidic  centres  to  the  alcohol  molecule. 
This  picture  is  very  unlikely  as  discussed  by  Chuang  in 
his  thesis  (75)  due  to  the  lack  of  proton  acidity  of  the 
surface  and  kinetic  isotope  effects  contrary  to  the  ex¬ 
pectations  of  a  carbonium  ion  mechanism. 

2.  Vasserberg  suggested  a  free-radical  mechanism  (91).  Free 
radicals  from  compounds  having  extremely  strong 
electron-donor  properties  have  in  fact  been  detected  on 
aluminum  oxide  surfaces  by  U.V.  and  ESR  studies  (see 
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section  2.1.4).  These  donor  properties  are  not  so  pro¬ 
nounced  in  alcohols  as  in  the  aromatic  compounds  stu¬ 
died.  Besides,  since  free  radical  mechanisms  proceed 
preferentially  in  apolar  media,  whereas  the  surfaces  of 
metal  oxides  must  be  regarded  as  polar  (92),  this  route 
seems  rather  unlikely. 

3.  A  covalently  bound  adsorptive  complex  is  the  most  prob¬ 
able  intermediate  complex.  The  monomolecul ar  dehydration 
process  requires  the  rupture  of  the  Cp-H  and  C^-0  bonds 
in  the  alcohol  molecule  sincep-el iminations  always  ap¬ 
pear  to  occur  if  the  molecule  contains  p-hydrogen  atoms 
(84,95) . 

Eucken  and  Wicke  have  demonstrated  that  in  the  case  of 
a  deuterated  alumina  surface,  one  of  the  hydrogen  atoms  of 
the  produced  water  comes  from  the  catalyst  surface  (94). 
Therefore,  the  water  molecule  may  already  be  substantially 
formed  in  the  adsorption  complex  under  the  conditions  of  ca¬ 
talysis  according  to  the  principle  of  least  structural 
change.  As  a  result  a  two-point  adsorption  of  the  alcohol 
molecule  involving  both  acidic  and  basic  centers  (84)  has 
been  generally  adopted. 

C  - C 

1  \ 

OH  H  (2.13) 

%  1 

t  : 

A  B 

Thereafter,  much  effort  was  devoted  to  ascertain  which 
two  of  the  three  atom  configurations  of  the  alumina  surface 
were  involved  in  the  dehydration  process  (OH  groups,  oxygen 
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anions,  or  aluminum  cations).  Some  references  to  each  alter¬ 
native  are  now  given: 

1.  A1  cations  -  Oxygen  anions  (83,95,96); 

2.  A 1  cations  -  Hydroxyl  groups  (17); 

3.  Hydroxyl  groups  -  Oxygen  anions  (73,90). 

A  clear  answer  to  this  particular  problem  has  not  yet  been 
found.  Controversy  remains  regarding  the  participation  of 
the  coordinately  unsaturated  aluminum  cations  generally  de¬ 
scribed  as  Lewis  acid  centres.  To  clarify  this  point,  numer¬ 
ous  poisoning  experiments  were  conducted  by  using  nitrogen 
bases  such  as  ammonia,  pyridine,  etc.,  to  poison  these 
si tes . Unfortunately  the  conclusions  from  these  studies  are 
contradictory.  On  one  hand,  it  is  claimed  that  the  dehydra¬ 
tion  activity  of  the  alumina  catalyst  is  hardly  influenced 
by  these  poisons  (97-99).  On  the  other  hand,  it  has  been 
stated  by  Bremer  (17)  that  the  dehydration  activity  is  pro¬ 
portional  to  the  Lewis  acidity  of  various  aluminas,  which 
was  measured  by  the  chemisorption  of  basic  molecules  such  as 
ammonia  and  pyridine,  thereby  suggesting  the  participation 
of  Lewis  acid  sites  in  the  reaction.  Similarly,  Soma  and  his 
co-workers  (100)  deduced  from  their  dynamic  treatment  that  a 
surface  alkoxide  species  formed  on  Lewis  acid  sites  is  the 
intermediate  in  olefin  formation.  If  their  view  is  correct, 
one  would  expect  a  strong  poisoning  effect  by  pyridine.  More 
detailed  studies  are  necessary  to  resolve  these  discrepan¬ 
cies.  In  fact  the  i nterpretat ion  of  data  from  specific  poi¬ 
soning  experiments  is  subject  to  pitfalls  and  ambiguities. 
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Apart  from  the  fact  that  catalysts,  reactants  and  operating 
conditions  differ  in  each  study,  some  arbitrariness  is 
always  introduced  in  stating  that  a  particular  poisoning 
agent  i n ter ac t s  with  an  active  site  of  a  defined  chemical 
nature.  For  instance,  the  number  of  hydroxyl  groups  or  alu¬ 
minum  cations  or  oxygen  anions  is  certainly  much  greater 
than  the  number  of  the  true  active  sites  as  discussed  in 
section  2.1.  Furthermore,  in  the  presence  of  reactants  and 
products  the  expected  poisoning  molecules  may  be  displaced 
from  the  surface,  their  effect  being  nullified.  Also,  their 
influence  may  be  quite  different  depending  whether  the  poi¬ 
son  is  preadsorbed  or  fed  with  the  reactant  under  reaction 
conditions.  More  about  these  potential  difficulties  can  be 
found  in  the  excellent  review  of  Knozinger  (39).  So  far, 
poisoning  studies  have  led  to  an  incomplete  and  ambiguous 
picture  of  the  mechanism  of  alcohol  dehydration  on  alumina. 

2.3.3  Detailed  isotopic  effects 

Mechanistic  information  about  the  time  sequence  of  bond 
splitting  can  also  be  obtained  from  Kinetic  isotope  effects. 
The  isotope  effect  can  be  used  to  identify  a  rate  determin¬ 
ing  step  if  the  reacting  bond  in  question  is  isotopically 
substituted.  For  the  alcohol  dehydration  on  alumina,  these 
effects  have  been  extensively  studied  (101,106)  and  are  sum¬ 
marized  in  Table  2-3. 

Since  CH3OH  and  CH3OD  or  CD3OH  and  CD3OD  are  dehydrated 
at  equal  rates,  the  rate  determining  step  was  ascribed  to 
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Table  2.3  Isotopic  Effects  in  the  Dehydration  of  Alcohols 


Deuterated 

Alcohols 

Catalyst 

T  (  °c ) 

Rate  Ratio 
H/D 

Reference 

ch3oh/ch3od 

A 1 2.O3 

130-180 

1  .0 

101 

CD  OH/CD  OD 

AUO3 

130-180 

1  .0 

101 

(CH>  )•>  CHOD 

A 1 2. CH 

300 

1.4 

102 

ZrO?. 

300 

1.13 

TiO! 

300  ' 

1  .24 

Si02 

300 

1  .47 

(CD*),  CHOH 

A1303 

300 

1  .44 

102 

Zr02. 

300 

1.37 

TiOa 

300 

1  .25 

SiOz 

300 

1  .04 

(cd3)2  cdod 

A 1203 

160 

4.06 

105 

Si02./Al203 

160 

1.0 

(cd*,)3coh 

A  1 2.  Oa, 

150 

2.42 

103 

(c2d5 )CH(0H)CH 

AI2.O3 

150 

2.70 

103 

(ch3)2cdch2oh 

ai^o3 

150 

3.44 

103 

(CD3  )2  CDCH20H 

A  1 2.0-5 

150 

3.44 

103 
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the  rupture  of  the  R-0A1  bond  of  an  alKoxide  (101).  In  the 
case  of  olefin  formation,  the  removal  of  a  p-hydrogen  sug¬ 
gests  that  the  cleavage  of  the  C-H  bond  is  probably  involved 
in  the  rate-determining  step.  Since  the  isotope  effect  is 
identical  for  (CHb  )z  CDCH  OH  and  (CD5)2CDCH  OH  on  Alz03at 
150-210°C  (103),  the  secondary  effect  of  the  CD  group  is  as¬ 
sumed  to  be  negligible.  It  was  also  found  that  the  extent  of 
the  isotope  effect,  as  well  as  the  activation  energy  of  de¬ 
hydration  increases  in  the  order, 

ter t-alcohol  <  sec-alcohol  <  primary  alcohol. 

This  sequence  suggests  that  the  isotope  effect  increases  as 
the  ionic  character  of  the  activated  complex  decreases,  be¬ 
cause  the  alkyl  group  is  known  to  be  electron-donating.  The 
activated  complex  of  alcohol  dehydration  on  A1  0  was  written 
(103)  according  to  an  E2  mechanism  of  elimination  as  per 
(2.13).  The  relative  bond  loosening  of  the  C^-0  and  the  Cp-H 
bonds  may  vary  over  wide  ranges  (107)  depending  on  acid-base 
strength  of  catalyst  and  substrate.  Thus,  asymmetric  transi¬ 
tion  states  (108)  with  the  proton  near  Cp>  and  the  C-0  bond 
nearly  completely  broken  (El -like  transition  state,  favored 
by  strong  acids  and  substrates  that  undergo  ready  C-X  clea¬ 
vage  to  give  carbocat ions )  and  with  the  proton  near  the  base 
and  the  C-0  bond  nearly  unaffected  (Elcb-like  transition 
state  favored  by  strong  bases)  are  possible.  The  size  of  the 
isotope  effects  for  all  the  alcohols  studied  suggests  an 
E2-like  mechanism  which  at  low  temperatures  contains  ionic 
contributions.  As  the  temperature  increased,  the  isotope 
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effects  were  observed  to  decrease  much  faster  than  theoret¬ 
ically  predicted.  It  was  therefore  proposed  that  the  ionic 
character  of  the  transition  state  (El)  becomes  more  and  more 
pronounced  as  the  temperature  is  increased. 

The  dependence  of  the  isotopic  effect  on  the  acidity  of 
the  oxide  catalyst  has  been  demonstrated  (102)  (see  Table 
2-3).  Koechloef 1 ,et  al.  concluded  that  the  mechanis  changes 
from  E2  to  El  in  the  above  series  of  catalysts  and  parallels 
the  acidic  nature  of  the  catalyst.  Finally,  Yamaguichi  and 
Tanabe  (105)  examined  the  isotope  effect  with  i sopropanol -d 
and  found  little  effect  on  silica-alumina  at  160°C,  in  con¬ 
trast  to  the  isotope  effect  on  alumina  at  160°C.  Strong 
Bronsted  acidic  groups  are  Known  to  be  present  on 
silica-alumina  surface  and  it  is  likely  that  the  OO  clea¬ 
vage  is  involved  in  the  rate-determining  step  in  conformity 
with  an  El-type  carbonium  ion  intermediate. 

2.3.4  Stereochemistry  of  dehydration 

As  in  liquid  phase  solution,  trans-eliminations  through 
a  trans-planar  transition  state  seems  to  be  preferred  on 
alumina.  Valuable  information  on  this  problem  is  obtained  by 
the  choice  of  model  substrate  alcohols  of  suitable  structure 
(84).  The  predominance  of  the  trans-elimination  by 
p-el imi nat ion  for  aliphatic  alcohols  has  been  demonstrated 
(109,110).  Thermodynamically,  trans-2  butene  is  the  more 
stable  isomer,  but  cis-2  butene  is  preferred  as  the  primary 
kinetic  product.  Based  on  experimental  studies  of  the 
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product  distributions,  the  Arrhenius  parameters,  and  the  re¬ 
activities  of  a  series  of  aliphatic  alcohols,  a  new  transi¬ 
tion  state  has  been  proposed  recently  (111)  which  explains 
the  transelimination  as  well  as  the  ci s-preference .  The  al¬ 
cohol  is  adsorbed  by  interaction  with  a  surface  hydroxyl  and 
oxide  pair  (IV).  The  transition  state  develops  (V)  in  which 
formation  of  a  molecule  of  water  is  occurring  with  the  for¬ 
mation  of  a  double-bond  between  the  C  and  C  atoms.  Succes¬ 
sful  transition  to  the  alkene  occurs  when  the  -hydrogen  is 
removed,  a  process  which  can  take  place  if  this  atom  ap¬ 
proaches  sufficiently 
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close  to  a  suitable  basic  site  on  the  surface.  Indeed  a 
H-bonded  surface  intermediate  having  a  partial  double-bond 
character  before  dehydration  and  desorption  of  the  olefin 
take  place  has  been  observed  by  infrared  by  Deo.et  al.  (78) 
for  3-pentanol  .  Since  rotation  about  the  Q^~Cp,axis  is  pre¬ 
cluded  by  the  developing  double-bond,  it  is  necessary  for 
the  whole  transition  state  structure  to  move  relative  to  the 
surface  in  order  to  induce  the  removal  of  the  ^-hydrogen. 
When  this  occurs,  the  elements  of  water  are  removed  from  the 
alcohol  in  a  trans-elimination  which  is  demanded  by  the  na¬ 
ture  of  an  E2  process  (112).  The  approach  of  the  -hydrogen 
towards  a  basic  site  by  inclination  of  the  plane  defined  by 
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the  0  -  C*  -  Cp  -  H  plane  will  be  sterically  restricted  by  the 
presence  of  alkyl  groups  at  the  and  Oppositions.  Kndz- 
inger  suggested  that  the  inclination  to  the  surface  will  oc¬ 
cur  more  effectively  to  the  side  of  the  transition  state 
structure  that  leads  to  the  lower  steric  hindrance.  This  is 
most  favored  when  the  bulky  groups  are  in  a  ci s-conformat ion 
so  that  the  transition  structure  can  incline  to  the  surface 
on  the  other  side.  The  general  preferential  formation  of  the 
ci s-alkene  in  dehydration  reactions  is  thus  explained.  The 
main  advantage  of  the  Knozinger-  postulated  transition  com¬ 
plex  over  the  cyclic  transition-state  proposed  by  Notari 
(113)  remains  in  its  capacity  to  explain  the  experimentally 
observed  stereospecific  trans- &  -el imination  reactions  of 
concerted  type  (106,114).  In  a  more  recent  paper,  Knozinger 
and  his  co-workers  (115)  add  impressive  support  to  their 
ideas  concerning  the  transition  state. 

2.3.5  Kinetics  of  alcohol  dehydration  on  alumina 

To  more  completely  understand  the  mechanism  of  a  he¬ 
terogeneous  catalytic  reaction,  a  knowledge  of  the  reaction 
kinetics  is  necessary.  Dohse  and  Kalberer  (116)  were  the 
first  to  report  the  inhibiting  effect  of  water  upon  the  re¬ 
action  and  this  was  confirmed  in  all  subsequent  studies.  The 
olefin  formation  from  alcohols  has  frequently  been  explained 
by  a  single-site  adsorption  Langmui r-Hi nshelwood  model 
(117-120).  The  resulting  Langmui r - type  equation  (2.15)  in¬ 
cludes  a  term  for  the  inhibition  of  water.  Butt  and 
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co-workers  (121) 


(2.15 


^  +  ^  Bv  *r  ^w^vv 

could  also  describe  their  conversion  isotherms  of  the  paral¬ 
lel  consecutive  reaction  scheme  for  the 
ethylene-ether-ethanol  interconversion  by  means  of  the  same 
rate  equation.  On  the  contrary  the  kinetics  of  the  dehydra¬ 
tion  of  eye  1 ohexano 1  (122),  isobutanol  (115)  and  Isopropanol 
(124)  were  best  fitted  with  a  dual-site  mechanism  equation 
(2.16)  with  surface  reaction  as  the  rate  controlling  step. 
In  other  studies  at  sufficiently  low  temperatures 


kKAPA 


(2.16) 


(1  +  KAP*  +  KWPJ* 
and  small  conversions  where  the  inhibiting  influence  of  wat¬ 
er  can  be  neglected,  the  rate  of  reaction  is  independent  of 
the  alcohol  pressure  over  a  wide  range;  the  reaction  behav¬ 
iour  is  thus  zeroth  order  (125-128)  and  this  was  verified 
for  the  dehydration  of  aliphatic  as  well  as  cyclic  alcohols. 
Because  equation  (2.16)  does  not  result  in  a  zero-order  rate 
law  at  high  reactant  pressure,  some  discrepancy  exists  in 
the  experimental  findings.  A  shortcoming  of  the  previous 
papers  is  that  the  number  of  rate  equations  tested  was  li¬ 
mited  to  one  or  two.  It  is  also  known  that  a  clear  discri¬ 
mination  between  kinetic  models  depends  strongly  on  the 
range  of  investigation  of  the  experimental  variables  as  well 
as  on  the  appropriateness  of  the  statistical  methods  used  in 
analyzing  the  data  (123,130,131).  Consequently,  there  is 
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always  the  possibility  that  better  equations  for  describing 
the  experimental  data  have  been  overlooked. 

Kinetic  experiments  on  the  dehydration  of  isopropanol 
over  alumina  were  almost  perfectly  correlated  by  a 
dual -di ssimi 1 ar  sites  Hougen-Watson  equation  (2.17)  (90) 
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(2.17) 
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(  1  +  KaPa  )  (  1  +  KwHv  ) 


In  studying  the  dehydration  of  t-butanol  (125)  and  cyclohe- 
xonol  (126),  the  inhibiting  effect  of  water  was  empirically 
correlated  by  equation  (2.18)  where  r  and  r  are  the  reac¬ 
tion 
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rates  under  the  given  conditions  and  for  zero-order ,  respe¬ 
ctively.  This  expression  corresponds  to  a  dissociative 
adsorption  of  alcohol  on  two  similar  sites  and  a  molecular 
adsorption  of  the  poisoning  water  on  one  of  the  two  centres. 
This  is  in  conflict  with  the  reaction  mechanism  proposed  by 
the  same  author  in  his  earlier  investigations  where  alcohol 
was  molecularly  adsorbed.  The  Kinetics  of  the  t-butanol  de¬ 
hydration  (132)  leads  also  to  rate  equations  (2.19)  and 
(2.20)  for  which  a  dissociative  adsorption  of  the  alcohol 
and  a  molecular  adsorption  of  water  must  be  assumed. 


(2.19) 
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In  Kinetic  studies,  the  question  of  behaviour  of  chemi - 
sorbed  molecules  on  a  surface,  in  particular  the  choice  be¬ 
tween  models  involving  localized  or  mobile  adsorption,  is 
important  in  establishing  the  mechanism  of  heterogeneous  ca¬ 
talysis  (133).  Because  adsorption  is  a  dynamic  process,  the 
adsorbed  molecules  may  return  to  the  gas  or  they  may  migrate 
to  other  sites  on  the  solid  surface  while  in  the  adsorbed 
state.  This  surface  movement  is  certainly  of  great  impor¬ 
tance  in  catalysis  (134,135).  The  mean  free  life  of  a  mole¬ 
cule  in  the  adsorbed  state  will  depend  essentially  on  the 
bonding  energy  (adsorption  heat)  and  the  temperature  of  the 
catalyst.  Accordingly,  a  strongly  held  molecule  will  tend  to 
remain  fixed  on  the  same  surface  site  for  a  longer  period, 
but  its  greater  adsorbed  life  also  increases  its  probability 
of  migrating  while  adsorbed.  These  reverse  effects  do  not 
allow  us  to  predict  with  confidence  the  occurrence  of  sur¬ 
face  migration.  In  a  simple  way,  surface  migration  will  be 
important  when  the  energy  barrier  Es  between  adjacent 
adsorption  sites  is  small  compared  to  the  average  energy  of 
the  adsorbed  molecule. 

In  relation  to  the  dehydration  of  alcohols,  surface 
diffusion  has  been  advanced  as  an  explanation  for  unusually 
large  effectiveness  factors  measured  for  the  dehydration  of 
primary  alcohols  on  silica-alumina  catalysts  (136).  Masanume 
and  Smith  (137)  found  that  surface  transport  of  ethanol  on 
silica  gel  at  temperatures  up  to  175°C  predominated  over  gas 
phase  diffusion.  Some  evidence  for  significant  surface 
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diffusion  in  the  dehydration  of  isopropanol  at  200-250°C  on 
^-alumina  was  also  presented  by  Bienert  and  Gelbin  (138). 
More  recently  in  a  series  of  papers  using  a  differential 
isotopic  method  with  C14,  Vasserberg  et  al.  (139-140)  have 
demonstrated  the  surface  mobility  of  chemisorbed  alcohol 
during  its  dehydration  on  aluminum  oxide  and  aluminosilic¬ 
ate.  In  addition,  they  did  some  poisoning  experiments  and 
concluded  that  the  number  of  active  centers  was  of  the  order 
of  1 0 1 2  sites/m2.  Since  the  total  number  of  alcohol  mole¬ 
cules  reacting  in  the  adsorbed  layer  was  up  to  two  orders  of 
magnitude  greater  than  the  number  of  active  sites,  it  was 
concluded  that  chemisorbed  isopropanol  molecules  migrate.  In 
view  of  these  data,  it  appears  wise  to  consider  the  possibi¬ 
lity  of  surface  migration  in  any  evaluation  of  a  reaction 
mechanism  and  intraparticle  effects  for  our  reaction  system. 


3.  DESIGN  CONSIDERATIONS  FOR  SIMULTANEOUS  INFRARED  AND 

KINETIC  STUDIES 

3.1  Infrared  Spectroscopy  Of  Adsorbed  Species 

Up  to  now ,  among  the  various  spectroscopic  tools,  IR 
has  proved  to  be  the  most  useful  technique  to  obtain  infor¬ 
mation  concerning  the  nature  and  structure  of  adsorbed  spe¬ 
cies.  Absorption  bands  of  surface  compounds  can  be  identi¬ 
fied  if  their  lifetime  on  the  surface  is  longer  than  ap¬ 
proximately  1 0" 1 3s .  The  early  work  of  Eischens  and  his  col¬ 
laborators  (141)  showed  that  conventional  transmission  in¬ 
frared  spectrophotometers  could  be  used  to  record  spectra  of 
species  at  the  surfaces  of  oxide  powders  or  of  metals  dis¬ 
persed  on  oxide  powder  supports.  The  successful  extension  of 
surface  infrared  spectroscopy  from  these  early  applications 
to  a  wide  variety  of  adsorbates  and  catalysts  is  attested  by 
the  many  books  and  reviews  that  have  appeared  subsequently 
(142-144).  Practical  aspects  of  sample  preparation  and  cell 
construction  have  been  considered  by  Parkyns  (145).  The  main 
advantage  of  the  pressed  disk  method  is  the  large  surface 
area  available  within  the  infrared  beam,  resulting  in  large 
concentrations  of  adsorbed  species  even  at  low  surface  co¬ 
verages.  A  typical  oxide  disk  may  weigh  about  20  mg/cm2  and 
possess  a  specific  area  of  100  m2/g.  The  total  surface  area 
in  a  sample  of  one  cm2  would  then  be  2m2  , so  that  many 

adsorbents  can  be  used  to  give  sufficiently  intense  absorp¬ 
tion  bands  for  measurement  with  conventional 
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spectrophotometers.  However,  the  sensitivity  of  transmission 
experiments  cannot  be  increased  indefinitely  by  increasing 
the  sample  thickness.  A  limit  is  set  by  the  absorption  and 
scattering  of  radiation  by  the  adsorbent  itself,  so  that 
with  increasing  sample  thickness  the  adsorbate  absorption 
becomes  a  larger  fraction  of  a  smaller  amount  of  available 
energy.  In  particular,  the  absorption  of  light  by  the  alu¬ 
mina  lattice  limits  its  use  by  the  transmission  technique  to 
wavenumbers  above  1000  cm-1.  Some  other  commonly  encountered 
difficulties  covering  the  infrared  identification  of  surface 
species  on  metal  oxides  using  the  standard  static  "in  situ" 
technique  are  described  by  Bozon- Verduraz  (146). 

With  this  technique  a  great  deal  of  important  informa¬ 
tion  about  the  chemisorbed  species,  such  as  structure  and 
bonding  state  of  each  individual  substrate  participating  in 
a  catalytic  process,  has  been  determined  for  many  reaction 
systems  .  Nevertheless,  such  static  studies  of  the  adsorbed 
phase  generally  performed  at  room  temperature  may  not  pro¬ 
vide  the  kind  of  information  which  enables  one  to  follow  the 
evolution  of  adsorbed  species  in  the  course  of  the  catalytic 
reaction.  This  is  a  major  limitation  of  the  technique 
Therefore,  an  IR  method  to  study  the  dynamic  behaviour  of 
chemisorbed  species  and  also  to  measure  the  overall  rate  of 
reaction  simultaneously,  should  provide  an  effective  means 
of  looking  at  the  catalytic  surface.  A  number  of  simultane¬ 
ous  infrared  and  kinetic  studies  have  been  reported  in  re¬ 
cent  years  (75,147-152)  and  these  represent  most  of  the  work 
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done  to  implement  this  new  technique.  However,  it  was  felt 
that,  although  the  different  IR  reactor  cells  designed  in 
the  past  could  provide  valuable  information  for  some  of  the 
systems  studied,  their  use  as  a  practical  laboratory  cata¬ 
lytic  reactor  was  limited  to  a  narrow  range  of  conditions. 
Such  important  factors  as  contacting  between  gas  phase  and 
catalyst,  i sotherma 1 i ty  in  the  reaction  zone,  accurate  eli¬ 
mination  of  spurious  gas  phase  absorbance  were  either  not 
thoroughly  considered  or  only  suitable  to  the  narrow  range 
of  experiments  investigated.  Consequently  this  study  has  the 
objective  of  designing  an  improved  version  of  an  infrared 
cell-recycle  reactor  which  can  be  used  as  a  practical  tool 
by  the  heterogeneous  Kinetist,  while  enabling  him  to  obtain 
additional  information  by  means  of  infrared  spectra  of  the 
catalyst  surface  recorded  during  the  reaction. 


3.2  Design  Factors 

This  section  reviews,  in  more  detail,  the  design  fa¬ 
ctors  that  should  be  considered  in  the  development  of  a  new 
reactor.  This  should  facilitate  wider  use  of  this  novel 
technique.  Consider  first  those  factors  directly  associated 
with  obtaining  spectra  of  the  adsorbed  layer  before  discus¬ 
sing  other  factors  that  are  specifically  related  to  the  pro¬ 
curement  of  intrinsic  rate  data. 
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3.2.1  Infrared  design  considerations 

With  double-beam  instruments,  when  recording  spectra  at 
elevated  temperatures ,  it  is  not  possible  to  exclude  emis¬ 
sion  from  the  sample.  This  leads  to  a  strong  distortion  of 
the  spectra  due  to  the  fact  that  the  sample  and  the  radia¬ 
tion  detector  are  at  different  temperatures ,  giving  rise  to 
an  additional  thermal  flow  between  them  caused  by  the  emis¬ 
sion  of  the  sample.  This  has  been  shown  experimentally  for 
solid  samples  having  different  absorptive  capacities  (153). 
Eberly  (154)  was  the  first  one  to  report  the  separation  of 
these  fluxes  by  using  a  spectrometer  in  which  the  beam  was 
modulated  before  the  passage  of  the  infrared  beam  through 
the  sample,  in  contrast  to  conventional  instruments.  As  a 
result,  the  unmodulated  radiation  from  the  heated  sample  is 
not  recorded  by  the  detector  of  the  instrument.  The 
Perki n- E Imer  model  621  used  herein  was  specially  equipped 
with  a  pre-sample  chopper,  which  excludes  the  effect  of 
emission  from  the  samples  at  different  temperatures  by  al¬ 
lowing  the  filter  to  pass  only  the  modulated  signal. 

Another  important  discrepancy  is  caused  by  the  presence 
of  the  gas  phase  surrounding  the  catalyst  during  reaction. 
Using  the  ideal  gas- law  and  a  cell  pathlength  of  10  cm,  the 
number  of  gas  molecules  crossed  by  the  IR  beam  is  estimated 
to  be  1 0 1 8 -  1 0 1 9  molecules  per  cm2  of  IR  beam. The  number  of 
molecules  in  the  gas  phase  may,  as  a  result,  easily  be  one 
or  two  orders  of  magnitude  greater  than  the  number  of  mole¬ 
cules  of  the  same  component  chemisorbed  on  the  catalyst 
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surface.  A  general  but  practical  implication  is  that  unless 
the  adsorbed  state  and  the  gaseous  state  of  the  same  com¬ 
pound  possess  quite  different  absorption  bands  (which  has 
been  the  case  in  most  implementations  of  this  technique 
(90,147,152)),  the  investigator  will  not  be  able  to  dif¬ 
ferentiate  between  the  absorption  (of  the  infrared  radia¬ 
tion)  by  the  gas  phase  and  that  by  the  adsorbate.  According¬ 
ly,  the  sample  cell  is  usually  matched  with  an  "identical" 
reference  cell  without  catalyst  in  it  which  presumably  com¬ 
pensates  for  the  background  spectra  resulting  from  the  gas 
phase.  Unfortunately,  variations  in  pressure  and/or  tempera¬ 
ture  between  sample  and  reference  cells  can  alter  the  gas 
densities  enough  to  prevent  matching  of  absorption  bands  at¬ 
tributable  to  the  gas  phases  in  the  two  cells.  When  the  ca¬ 
talyst  wafer  is  placed  transverse  to  the  flow  of  gases 
through  the  IR-cell  reactor,  the  flow  patterns  within  the 
cell  can  also  lead  to  temperature  and  concentration  gra¬ 
dients  along  the  axis  of  the  IR  beam,  and  differences  be¬ 
tween  the  front  and  rear  surface  concentrations  on  the  waf¬ 
er.  Under  reaction  conditions,  this  inability  to  eliminate 
the  background  spectrum  of  the  gas  phase  limits  the  sensiti¬ 
vity  of  the  technique  ^specially,  with  the  low  surface  co¬ 
verages  encountered  at  reaction  temperatures.  The  new  cell 
attempts  to  eliminate  many  of  these  objectionable  features 
and  its  performance  will  be  assessed  in  section  3.3. 
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3.2.2  Kinetics  design  considerations 

Three  relatively  recent  reviews  (155-157)  provide  the 
reader  with  adequate  background  on  the  status  of  laboratory 
catalytic  reactors  for  studying  kinetics.  It  is  demonstrated 
that  gradient  less  reactors"  are  extremely  convenient  and 
that  they  offer  the  best  character i st ics  for  studying  the 
kinetics  of  heterogeneous  catalytic  reactions.  Figure  3-1 
illustrates  the  material  balance  analysis  of  a  reactant  in  a 
recycle  reactor  based  upon  simple  first  order  kinetics.  The 
integration  for  the  inner  limits  is  valid  for  any  value  of 
n,  while  the  averaging  is  justified  only  for  reasonably 
large  values  of  n.  At  high  recycle  ratios,  (usually  n>20 
(156)),  the  reaction  proceeds  at,  or  very  close  to,  dis¬ 
charge  conditions  equivalent  to  those  from  the  ideal  con¬ 
tinuous  stirred  tank  reactor ( CSTR ) .  By  increasing  the  RPM  of 
the  circulating  blower,  the  mass  velocity  can  be  increased 
without  changing  F  and  consequenct ly  W/F,  the  overall  space 
velocity  remains  unchanged.  The  opposite  is  also  possible; 
namely,  keeping  the  RPM  constant,  the  mass  velocity  will  re¬ 
main  unchanged  even  if  F,  and  with  it  the  overall  contact 
time  or  space  velocity  is  changed.  In  both  cases  the  recycle 
ratio  n  is  changing  but  as  long  as  it  remains  above  about 
20,  it  has  no  influence  upon  the  kinetics.  The  high  mass  ve¬ 
locities  used  in  recycle  reactors  are  a  factor  in  reducing 
the  influence  of  interphase  and  concentration  gradients. 
Sampling  and  analysis  of  the  reacting  mixture  recycled  wi¬ 
thin  the  loop  are  easy  to  implement  and  produce  directly  a 
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Figure  3.1  Recycle  Reactor  Material  Balance 
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value  of  the  reaction  rate  (see  Chapter  5).  An  advantage  of 
the  external  recycle  reactor  over  other  CSTR  reactors,  like 
the  rotating-  basket  reactor  arises  from  its  well  defined 
flow-path.  The  mixing  may  be  perfect  in  both  cases,  yet  the 
contact  between  the  catalyst  and  the  gas  may  be  still  poor 
or  uncertain  in  the  rotat i ng-basket . 

In  this  study,  because  of  the  infrared  requirements  for 
transparency ,  the  differential  catalytic  bed  is  reduced  to 
the  geometry  of  a  thin  flat  disk.  This  is  shown  on  Figure 
3-2  which  was  the  of  configuration  used  by  previous  workers. 
It  is  apparent  that  the  flow  patterns  on  the  two  sides  of 
the  pellet  are  not  identical  and  the  mass  transfer  chara¬ 
cteristics  are  likely  poorer  on  the  stagnant  rear  face  than 
on  the  impinged  front  face.  A  still  more  critical  factor  re¬ 
sults  from  most  of  the  reacting  gases  channelling  through 
the  gap  between  the  sample  holder  and  the  internal  cylindr¬ 
ical  walls  of  the  cell.  The  ensuing  poor  contacting  between 
the  gases  and  the  faces  of  the  catalyst  wafer  render  diffi¬ 
cult  the  gathering  of  true  kinetic  data.  The  low  average 
mass  transfer  coefficients  over  the  whole  external  catalyst 
area  can  make  the  reactor  impractical  for  extensive  kinetic 
studies . 

Since  the  external  area  of  the  catalyst  pellet  is  fixed 
at  about  10  cm2,  it  is  relatively  easy  to  assess  the  capabi¬ 
lity  of  the  reactor  to  obtain  intrinsic  rate  data  before 
their  falsification  by  external  diffusion  limitations.  The 
external  film  resistance  can  be  written: 
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2  Geometrical  Configuration  of  Reactor  Cells 
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r  =  A  (CA  -  Cs)  (3.01  ) 

On  the  other  hand,  the  rate  of  reaction  in  a  recycle  reactor 
is  given  by  a  simple  mass  balance: 


r 


FCA*X 


(3.02) 


In  these  design  calculations,  the  film  resistance  is  consi¬ 
dered  to  be  negligible,  whenever  the  following  criterion 
implying  that  the  reactant  concentration  at  the  surface  does 
not  differ  by  more  than  5%  from  the  bulk  concentration, is 
ful f i 1  led : 


CA  ~  C$  <  Ca/20  (3.03) 

A  constant  value  of  10  cm/s  will  be  considered  to  be  repre¬ 
sentative  of  the  average  superficial  mass  transfer  coeffi¬ 
cient.  At  steady  state  the  net  rate  of  transfer  of  reactant 
molecules  to  the  catalyst  wafer  is  equal  to  the  rate  of 
chemical  reaction.  By  combining  equations  (3.2)  and  (3.3) 
the  following  relation  is  obtained  and  evaluated  for  the 
specified  above  values: 


Kq A  100 

x  =  ---* -  -  -  (3.04) 

k3A  +  20F  100  +  20F 


Equation  (3.4)  shows  within  the  previous  assumptions  the 
maximum  level  of  conversion  X,  that  can  be  obtained  in 
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relation  to  the  volumetric  gas  flow  rate  to  the  reactor  be¬ 
fore  the  occurrence  of  significant  external  diffusion.  Above 
this  maximum  level,  significant  diffusion  limitations  may  be 
expected  to  falsify  the  Kinetic  data.  This  relation  can  be 
slightly  modified  when  the  total  number  of  moles  processed 
is  changed  by  the  reaction.  The  results  of  these  preliminary 
design  calculations  are  summarized  in  Table  3-1,  which  indi¬ 
cates  for  different  levels  of  conversions  the  maximum  volu¬ 
metric  flow  rates  (or  molar  flow  rates)  that  can  be  pro¬ 
cessed  through  the  reactor  without  significant  external  dif¬ 
fusion.  For  a  reactor  loop  of  500  cc  the  corresponding 
average  residence  times  in  the  reactor  are  indicated  in  the 
last  column  of  Table  3-1. 

The  important  conclusion  obtained,  providing  that  the  value 
of  10  cm/s  for  the  average  mass  transfer  coefficient  is  rea¬ 
sonable,  is  that  the  reactor  may  be  suitable  to  perform 
Kinetic  experiments  at  high  levels  of  conversion  and  at  the 
flow-rates  commonly  encountered  in  the  laboratory.  In  sec¬ 
tion  3.3,  experimental  values  of  the  average  mass  transfer 
coefficients  for  different  geometries  will  be  determined. 

For  many  reaction  systems,  the  apparent  activation 
energy  is  high  enough  to  maKe  temperature  the  most  critical 
independent  variable  in  Kinetic  studies.  In  virtually  all 
previous  applications  of  the  combined  i nf rared-Ki net i cs 
technique  the  conventional  way  of  controlling  the  tempera¬ 
ture  of  reaction  was  to  wrap  the  cell  body  with  a  heater  and 
to  record  the  temperature  with  a  thermocouple  located  close 
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Table  3.1  Simulated  Mass  Transfer  Performance  of  the  Reactor 


X 

F  (cm3/s) 

F  (moles/h) 

t  ( 

0.2 

20 

3.21 

25 

0.5 

5 

.804 

100 

0.8 


1  .25 


.200 


400 
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to  the  backside  of  the  pellet,  as  shown  in  Figure  3.2.  With 
this  heating  mode,  the  I R- transparent  windows  are  much  cold¬ 
er  than  the  catalyst  wafer  and  significant  axial  longitudin¬ 
al  temperature  gradients  will  develop  inside  the  cell  in 
combination  with  the  radial  gradients  caused  by  the  higher 
temperatures  of  the  walls  in  the  reaction  zone.  The  first 
drawback  is  that  the  temperature  gradients  in  the  reference 
cell  and  in  the  sample  cell  are  not  similar,  preventing  ac¬ 
curate  compensation  for  the  gas  phase  absorbance  of  the  re¬ 
circulating  gases.  In  addition,  the  temperature  of  the  cata¬ 
lyst  may  vary  from  point  to  point  along  the  radial  position 
preventing  the  procurement  of  true  isothermal  data. 

To  summarize,  consideration  of  all  of  the  above  design 
factors  led  to  the  conception  of  a  new  geometrical  confi¬ 
guration  in  which  both  the  flowpath  and  heating  sources  have 
been  modified.  Its  character i st i c  features  are  schematically 
depicted  in  Figure  3-2  .  Different  tests  describing  the  per¬ 
formance  of  the  reactor  in  relation  to  the  general  design 
limitations  outlined  will  be  described  in  the  next  section. 


3.3  Tests  Of  Reactor  Performance 
3.3.1  Mass  transfer  character ist ics 

In  the  new  configuration  sketched  in  Figure  3-2,  the 
recycling  gases  impinge  upon  both  sides  of  the  wafer  to  de¬ 
velop  a  highly  turbulent  field  over  the  entire  wafer  surface 
before  being  removed  by  radial  flow  to  the  outer  periphery 
of  the  pellet.  Besides  eliminating  the  stagnant  zone 
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encountered  at  the  rear  of  the  pellet  in  the  earlier  rea- 
ctors  ,  it  was  hoped  that  a  substantial  enhancement  of  the 
contacting  between  gases  and  catalyst  would  result.  In  the 
previous  section,  an  arbitrary  value  of  10  cm/s  for  the 
average  mass  transfer  coefficient  was  taken.  More  realistic 
values  can  be  obtained  by  measuring  the  sublimation  rates  of 
a  volatile  solid  in  the  same  geometrical  configuration.  A 
prototype  cell  made  of  brass  and  identical  to  the  proposed 
reaction  cell  was  built.  The  catalyst  pellet  was  replaced  by 
a  naphthalene  flat  disk  of  the  same  size.  Air  flows  between 
10  and  50  1/min  were  passed  through  the  cell  and  the  corre¬ 
sponding  sublimation  rates  in  mg/min  were  recorded.  Since 
the  cell  geometry  was  held  constant  for  a  series  of  flow 
rates  and  was  always  maintained  at  room  temperature,  the  co¬ 
ordinates  of  Figure  3-3  show  the  measured  sublimation  rates 
versus  flow  rate  rather  than  Reynolds  number.  The  exponent 
of  the  flow  parameter  (given  by  the  slope  of  the  lines)  re¬ 
main  nearly  constant  over  a  wide  range  of  conditions  verify¬ 
ing  that  the  flow  regime  does  not  change  in  the  conditions 
investigated.  The  influence  of  changing  the  orifice  size 
used  to  create  the  jets,  and  of  the  spacing  between  the  ori¬ 
fice  and  the  wafer  upon  mass  transfer  rates  is  shown  on  Fi¬ 
gure  3-3 .  In  addition  to  the  above  tests  performed  in  the 
new  geometry,  sublimation  rates  were  also  examined  for  cell 
reactors  involving  the  older  geometry  (152).  The  most  impor¬ 
tant  conclusion  from  these  experiments  is  that  the  mass 
transfer  is  about  four  times  faster  in  the  new  cell 
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configuration  when  compared  to  the  conventional  axial-flow 
type.  Although  the  contacting  of  the  wafer  can  still  be  more 
than  doubled  by  the  insertion  of  drilled  windows  to  create 
more  turbulence,  it  was  decided  not  to  incorporate  this  de¬ 
sign  feature  in  the  new  reactor.  It  complicates  the  design 
and  it  was  also  observed  that  the  local  mass  transfer  coef¬ 
ficients  at  the  centre  of  the  naphthalene  wafers  where  the 
jets  directly  impinge,  were  much  higher  than  in  the  outer 
periphery  of  the  disks.  This  point  was  demonstrated  by  the 
appearance  of  a  hole  at  the  centre  of  the  disk  after  the 
sublimation  experiments  had  been  continued  for  an  extensive 
time.  Another  important  consideration  was  that  in  comparison 
to  the  very  thin  catalyst  wafer  (0.01  cm),  the  naphthalene 
disks  (0.5-1  mm)  have  a  much  greater  mechanical  strength  and 
can  better  sustain  the  additional  stresses  from  the  more 
energetic  jets.  Blank  catalyst  wafers  were  more  readily  bro¬ 
ken  in  the  mass  transfer  cell  under  the  influence  of  the 
energetic  jets  and  correspondi ng ly  thicker  catalyst  wafers 
would  have  to  be  used  during  reaction.  With  thicker 
wafers, the  intraparticle  diffusion  effects  may  become  much 
more  significant  than  the  effect  of  external  diffusion 
thereby  ruining  the  possible  advantages  of  the  impinging 
jets  configuration. 

In  the  sublimation  experiments,  the  temperature  was 
fixed  at  22°C  to  allow  the  calculations  of  the  average  sur¬ 
face  mass  transfer  coefficients  following  equation  (3.05). 
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r  =  Kj  A  (Ce3  -  C0)  (3.05) 

By  further  assuming  that  the  mass  transfer  coefficient  is 
almost  proportional  to  the  square  root  of  the  molecular  dif- 
fusivity,  the  values  obtained  for  naphtalene  at  22°C  could 
be  corrected  for  the  case  of  isopropanol  at  250°C  (reaction 
condi t ions ). The  corresponding  values  of  the  mass  transfer 
coefficients  are  shown  in  Table  3-2. 

The  recycle  pump  normally  operates  at  1725  rpm  and  de¬ 
livers  a  gas  flow  rate  of  approximately  20  1/min.By  interpo¬ 
lation  in  Table  3-2,  this  corresponds  to  an  average  mass 
transfer  coefficient  of  about  15  cm/s  for  the  reacting  iso¬ 
propanol.  During  reaction,  an  additional  degree  of  turbu¬ 
lence  due  to  the  rapid  pulsations  of  the  bellows  pump,  ab¬ 
sent  in  the  sublimation  experiments,  must  contribute  to 
further  improve  the  contacting  at  the  gas  catalyst  inter¬ 
face.  The  magnitude  of  this  improvement  could  be  assessed 
more  accurately  in  further  mass  transfer  experiments  but  at 
the  present  time  an  average  surface  mass  transfer  coeffi¬ 
cient  of  20  cm/s  seems  appropriate.  Recalling  the  predic¬ 
tions  on  the  mass  transfer  performance  in  the  previous  sec¬ 
tion,  which  were  based  on  a  value  of  10  cm/s,  we  can  still 
expect  a  better  performance  with  the  reactor .  The  capacity 
of  the  reactor  to  generate  Kinetic  data  at  high  conversion 
levels  and  at  the  most  practical  flow  rates  used  in  the  la¬ 
boratory  without  influence  of  external  diffusion  seems 
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Table  3.2  Improvement  of  Mass  Transfer  Coefficients 


Configuration  Air  Flow  at  10  1/min  Air  Flow  at  50  1/min 


Old  geometry 
New  geometry 


2.0  cm/s 
9.25  cm/s 


7.5  cm/s 
23  cm/s 
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therefore  substantiated. 

In  conclusion  the  new  reactor  IR-cell  configuration  de- 
monstrates  a  fourfold  improvement  in  gas-solid  contacting. 
In  general,  the  greater  flexibility  in  the  range  of  indepen¬ 
dent  variables  (concentrations,  temperature)  to  be  covered 
in  the  experiments  should  also  result  in  wider  variations  in 
the  observed  dependent  variable  (rate  of  reaction).  This 
last  feature  is  a  key  factor  in  the  discrimination  between 
rival  kinetic  models. Of  course  this  argument  is  valid  only 
if  no  other  more  restrictive  phenomenon  (i.e.  intraparticle 
diffusion)  is  in  effect;  this  will  be  established  in  section 
6-2. 

3.3.2  Mixing  character ist ics 

If  the  recycled  flow  within  the  reactor  approximates 
perfect  mixing,  the  outlet  composition  is  indicative  of  the 
gas  phase  composition  at  any  point  within  the  reactor.  To 
demonstrate  that  perfect  mixing  does  occur,  the 
step- response  method  was  used.  The  inlet  gas  composition  of 
acetone  was  changed  instantaneously  under  non-  reactive  con¬ 
ditions  while  the  concentration  in  the  loop  was  measured 
continuously  by  monitoring  the  absorbance  of  the  carbonyl 
band.  Mathematically  the  character i st ic  change  in  the  rea¬ 
ctor  composition  for  an  ideal  CSTR  is  given  by  equation 
(3-6)  , 


C/C0  =  exp(-t/t) 


(3.06) 
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which  can  be  found  in  many  textbooks.  Figure  3-4  illustrates 
the  response  of  the  system  to  the  step-change  in  acetone 
feed  concentration  and  the  expected  response  for  the  case  of 
perfect  mixing  ( CSTR ) . Substant i a  1  agreement  between  the  two 
cases  is  indicated.  Since  the  recycling  rate  and  residence 
times  used  in  Figure  3-4  are  typical  of  the  conditions  where 
the  experimental  reaction  rate  data  will  be  obtained,  it  may 
be  expected  that  the  reactor  will  be  perfectly  mixed  under 
all  conditions  reported  in  this  study. 

3.3.3  Compensation  for  gas  phase  infrared  absorption 

As  suggested  in  section  3-2,  the  difficulty  in  balanc¬ 
ing  the  gas  phase  attenuation  of  the  two  beams  has  certainly 
limited  the  general  use  of  the  technique.  For  example,  a 
pressure  drop  between  the  two  cells  necessitates  heating  the 
upstream  cell  to  reduce  its  gas  density  to  that  in  the  do¬ 
wnstream  cell.  Similarly,  non- i sotherma 1  differences  at  con¬ 
stant  pressure  between  the  two  cells  must  also  be  compen¬ 
sated  . 

Such  imbalances  between  reference  and  sample  cells  re¬ 
quired  calibrations  to  establish  the  values  of  the  reference 
cell  temperature  T1  required  for  a  fixed  reaction  cell  te¬ 
mperature  T2  (see  Figure  3.2(b))  to  eliminate  gas  absorption 
spectra.  Figure  3-5  shows  how  spectral  bands  in  the 
1200-1500  cm-1  region  of  gas  phase  isopropanol  are  altered 
by  changing  T1.  In  the  early  experiments,  when  the 
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Figure  3.4  Comparison  of  Mixing  Behaviour  of  the  Reactor 

with  Ideal  CSTR 
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Figure  3.5  Compensation  of  Gas-phase  Absorbance  Between  Re¬ 
ference  and  Sample  Cells 
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temperature  T3  was  maintained  at  a  constant  level  and  while 
the  gases  were  being  recirculated  (1725  rpm) ,  it  was  found 
that  apart  from  slight  variations  with  composition,  the  re¬ 
corded  temperature  T2  in  the  reaction  zone  was  always  about 
50°C  below  the  oven  temperature.  On  the  other  hand,  the 
changes  in  T2  were  only  negligible  when  T1  at  the  entrance 
of  the  reaction  cell  was  varied  over  a  wide  range  by  manipu¬ 
lation  of  the  heat  load  applied  to  the  packed  bed  preheater. 
From  these  observations,  it  was  apparent  that  heat  losses 
from  the  reci rcu 1  at i ng  gases  in  the  vicinity  of  the  infrared 
windows  contributed  substantially  to  a  reduction  in  the  te¬ 
mperature  T2  in  the  reaction  zone  relative  to  the  oven  en¬ 
closure  temperature  T3.  The  temperature  difference  between 
T2  and  T3  could  only  be  reduced  by  decreasing  the  recircula¬ 
tion  flow  rate  of  the  pump.  This  leads  to  the  conclusion 
that  significant  axial  temperature  gradients  (possibly  up  to 
100°C)  are  established  in  the  infrared  cells  at  the  high 
flow  rates  delivered  by  the  pump.  Under  these  conditions, 
attempts  to  balance  the  gas  phase  absorbance  of  the  two 
cells  became  a  tedious  procedure.  These  complications  had 
never  been  reported  in  previous  applications  of  the  techni¬ 
que.  It  was  mentioned  in  section  3-2  that  the  total  number 
of  gaseous  adsorbate  molecules  traversed  by  the  infrared 
beam  may  easily  exceed  by  an  order  of  magnitude  the  number 
of  molecules  of  the  same  adsorbate  on  the  catalyst  surface. 
Accordingly  differences  in  the  compensation  of  a  few  per 
cent  (corresponding,  for  instance,  to  a  10°C  difference 
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between  the  two  cells)  can  drastically  alter  the  nature  of 
the  adsorbed  layer  spectrum,  especially  when  both  gaseous 
and  adsorbed  species  absorb  infrared  radiation  at  the  same 
frequencies . 

In  another  type  of  preliminary  experiment  the  thermo¬ 
couple  located  in  the  reaction  zone  was  connected  to  the 
Honeywell  controller  in  order  to  maintain  the  associated  te¬ 
mperature  at  a  constant  set  point.  This  set  point  could  only 
be  maintained  within  regular  oscillations  of  a  few  degrees 
because  of  the  distance  and  heat  barriers  ( Pyrex  walls)  be¬ 
tween  the  source  oven  heaters  and  the  sensing  thermocouple. 
These  instabilities  were  however  of  minor  importance  in  the 
following  analysis.  The  differential  absorption  spectra 
shown  in  Figure  3-5  were  also  recorded  at  various  levels  of 
T 1  and  for  different  concentrations  of  alcohol  in  the  rea¬ 
ctor  loop.  Figure  3-6  shows  how  the  temperature  T 1  typically 
varies  with  the  setting  of  the  Variac  controlling  the  pre¬ 
heater.  At  each  concentration  level  of  isopropanol,  T1 
changes  almost  linearly  with  the  variac  setting,  and  since 
the  heat  capacity  of  the  gas  mixture  increases  with  alcohol 
concentration,  higher  settings  of  the  Variac  are  required  at 
higher  concentrations  to  produce  the  same  temperature  at  the 
entrance  of  the  reference  cell.  In  similar  conditions  Figure 
3  7  represents  a  plot  of  the  relative  difference  gas  absor¬ 
bance  at  1380  cm- 1  between  the  sample  and  the  reference 
cells  as  a  function  of  T1.  Even  if  the  exact  compensation 
occurs  for  each  series  of  experiments  at  one  value  of  T1,  we 
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Figure  3.7  Calibration  Plot  of  Gas-phase  Absorbance  Compen 

sation  without  the  Window  Heaters 
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have  indicated  on  the  plot  a  tolerance  level  of  ±0.01  absor¬ 
bance  unit  because  this  is  almost  unnoticed  on  the  catalyst 
spectra.  During  the  calibration  experiments  however,  the 
spectrophotometer  was  operated  with  an  expanded  ordinate 
scale  ( 5x )  in  order  to  increase  the  sensitivity  for  measur¬ 
ing  the  difference  in  absorbance. 

Figure  3-7  shows  that  satisfactory  compensation  is  re¬ 
ached  whenever  T1  is  30  to  50°C  below  the  constant  value  of 
T2  in  the  reaction  zone.  At  these  conditions  the  average  de¬ 
nsity  of  molecules  along  the  pathlengths  of  the  two  cells  is 
nearly  identical;  this  also  means,  in  relation  to  the  ideal 
gas  law,  that  the  average  axial  temperature  in  each  cell  is 
almost  the  same.  Neglecting  the  temperature  gradients  in  the 
reference  cell,  (T=T1  along  the  axis),  the  results  show  that 
the  temperature  in  the  vicinity  of  the  windows  of  the  reac¬ 
tion  cell  (where  the  reci rcu 1  at i ng  gases  enter)  must  be  sub¬ 
stantially  lower  than  T1  since  T2  at  the  center  of  the  reac¬ 
tion  cell  is  higher  than  T1.  This  confirms  the  occurrence  of 
heat  losses  through  the  windows  of  the  reactor.  In  addition, 
from  Figure  3-7,  the  range  of  acceptable  values  of  T1,  ac¬ 
cording  to  the  specified  tolerance  level,  decreases  with  the 
concentration  of  alcohol  as  a  consequence  of  the  increases 
in  the  slopes  of  the  straight  lines.  These  problems  had  nev¬ 
er  been  mentioned  previously  but  independent  manipulation  of 
T 1  has  now  been  provided  in  the  new  reactor.  Without  this 
feature,  unpredictable  errors  in  the  gas  absorbance  compen¬ 
sation  would  complicate  the  observed  spectra  and  thus  make 
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the  correct  i nterpretat ion  of  the  spectra  of  the  adsorbed 
layer  more  difficult.  The  same  Kind  of  experiments  as  shown 
in  Figure  3-6  and  3-7  were  performed  at  two  other  values  of 
T2  ( 230°C  and  290°C)  and  the  results  were  very  similar  to 
the  results  obtained  at  260°C.  The  thermal  behaviour  of  the 
reactor  may  now  be  regulated  over  a  wide  interval  of  te¬ 
mperatures.  The  final  calibrations  and  operation  procedures 
will  be  defined  in  the  next  subsection. 

3.3.4  Isothermal  reaction  zone 

It  was  mentioned  in  section  3.2  that  in  the  previous 
infrared  cell  reactors,  the  combination  of  axial  and  radial 
temperature  gradients  as  well  as  the  poor  contacting  of  the 
gases  with  the  wafer  would  prevent  the  gathering  of  true 
isothermal  Kinetic  data.  In  the  new  reactor  configuration 
the  more  intimate  sweeping  of  both  faces  of  the  catalyst 
wafer  by  the  flowing  gases  should  ensure  that  the  reaction 
temperature  remains  uniform  over  the  entire  wafer  surface 
and  equal  to  that  of  the  gases.  It  is  also  desirable  that 
the  temperature  of  the  sensing  thermocouple  remains  identic¬ 
al  to  the  true  catalyst  temperature.  This  condition  cannot 
be  directly  checKed  since  the  position  of  the  thermocouple 
is  just  above  the  wafer  and  not  in  direct  contact  so  as  not 
to  modify  the  flow  patterns  around  the  catalyst.  Approxim¬ 
ately,  it  can  be  inferred  that  when  the  heat  transfer  is 
minimized  the  difference  in  temperature  between  the  recircu¬ 
lated  gas  and  the  wafer  is  also  minimized.  Whenever  the 
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difference  between  T3  (oven  temperature)  and  T2  (reaction 
zone)  is  suppressed,  the  previous  optimal  conditions  are  ap¬ 
proached.  Unfortunately,  as  mentioned  in  the  previous  sec¬ 
tion,  T3  was  always  higher  than  T2  by  more  than  25°C  depend¬ 
ing  on  the  operating  conditions;  consequently,  the  gases  are 
still  gaining  heat  from  the  hotter  Pyrex  walls  of  the  cell 
while  the  reaction  zone.  The  true  temperature  of  the  wafer 
depends  on  how  rapidly  the  temperature  of  the  travelling 
gases  is  altered. 

In  order  to  eliminate  these  uncertainties,  originating 
from  the  heat  losses  at  the  windows,  additional  heaters  (de¬ 
scribed  in  detail  in  Chapter  four)  were  placed  around  the 
ends  of  the  two  cylindrical  cells.  With  this  additional 
heating  source,  the  temperatures  T2  and  T3  could  be  closely 
matched  by  adjustment  of  the  input  voltage  to  the  new  heat¬ 
er.  In  this  final  set-up,  it  now  appears  reasonable  to  iden¬ 
tify  the  true  temperature  of  reaction  with  T2.  Simultaneous¬ 
ly,  because  of  their  appropriate  locations,  the  additional 
heaters  compensate  for  the  heat  losses  of  the  gases  in  the 
vicinity  of  the  windows  and  thereby  greatly  reduce  the  axial 
temperature  gradients  along  the  two  cells.  This  important 
consequence  is  made  clear  in  Figure  3-8,  which  was  obtained 
after  conducting  similar  experiments  to  the  ones  described 
for  Figure  3-7.  The  trends  are  again  similar,  except  that 
with  the  new  heaters  in  operation,  the  levels  of  T1  required 
for  exact  compensation  of  the  gas  phase  absorbance  almost 
match  the  common  values  of  T2  and  T3.  During  operation,  it 
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is  now  only  necessary  to  Keep  T1  about  5°C  below  the  reac¬ 
tion  temperature  to  ensure  a  good  compensation,  and  this  fa¬ 
cilitates  greatly  the  operation  of  the  reactor  .The  new  rea¬ 
ctor  provides  adequate  means  of  compensation  for 
non  isothermal  axial  gradients  as  well  as  good  i sotherma 1 i ty 
in  the  reaction  zone. 


4.  CONSTRUCTION  AND  DESCRIPTION  OF  APPARATUS 


The  general  appearance  of  the  reactor  system  is  shown 
in  Figure  4.1.  The  equipment  was  mounted  on  a  mobile  trolley 
and  consists  mainly  of  two  compartments,  the  pump  compart¬ 
ment  and  the  infrared  cell  oven  compartment  linked  together 
by  flexible  stainless  steel  tubing.  All  temperature  and  flow 
accessory  instrumentation  has  been  mounted  on  the  assembly 
un1 t  for  convenience.  The  apparatus  is  compact  and  occupies 
a  floor  space  of  about  1.4  m  x  0.4  m,  while  its  height  does 
not  exceed  1.2  m.  To  be  operated,  the  system  must  be  moved 
and  connected  to  the  gas  chromatograph  at  the  outlets  of  the 
gas  sampling  loop.  The  mobile  infrared  spectrophotometer  can 
then  be  adjusted  in  proper  position  for  adequate  analysis. 
Finally,  the  various  electrical  outlets  and  thermocouples 
are  connected  to  the  main  power  system  and  the  temperature 
recording  unit.  The  various  components  of  the  experimental 

equipment  will  be  described  in  detail  in  the  following  sec- 
t  ions . 


4.1  Feed  System 

With  the  exception  of  the  nitrogen  cylinder  A,  all  com¬ 
ponents  of  the  feed  system  on  Figure  4.2  were  mounted  on  the 
reactor  unit.  To  provide  a  constant  flowrate  of  the  nitrogen 
diluent  during  constant  upstream  variable  downstream  pres¬ 
sure  applications,  a  Matheson  pneumatic  flow  controller  C 
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Figure  4-1  Photographs  of  Reactor  System 
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Figure  4.2  Flow  Diagram  of  Feeding  Unit 
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(Model  8287)  was  incorporated  in  the  feed  line.  The  supply 
pressure  to  the  controller  was  maintained  nearly  constant 
with  a  gas  pressure  regulator  attached  to  the  nitrogen  cy¬ 
linder.  The  specifications  of  the  controller  are  such,  that 
at  a  supply  pressure  of  50  psig,  it  can  maintain  a  constant 
flow  within  0.3%  while  the  downstream  pressure  varies  from  0 
to  40  psig.  The  flowrate  was  indicated  by  a  rotameter  B  in¬ 
stalled  in  the  controller  supply  line  so  that  downstream 
pressure  changes  could  not  affect  the  reading.  Interchange¬ 
able  needle  valves  are  available  for  different  flow  ranges 
and  different  sizes  of  rotameter  tubes  (600  and  601  in  our 
study)  were  adapted  to  provide  a  better  visual  indication  of 
the  flow  setting.  The  good  reproduci bi 1 i ty  of  the  flow  set¬ 
tings  enabled  a  substantial  amount  of  time  to  be  saved. 
After  the  flow  controller  C,  a  side  exit  D  was  used  in  order 
to  bypass  the  rest  of  the  reactor  for  identifying  occasional 
leaking  parts.  At  other  times,  this  side  line  could  be  used 
to  introduce  an  additional  gas  component,  i.e.  propylene, 
whereas  during  normal  operation  this  exit  was  closed. 
Oxygen- free  nitrogen  was  obtained  by  passage  over  a  sup¬ 
ported  Cu-CuO  catalyst  maintained  at  300°C  in  column  E.  In 
addition,  the  nitrogen  gas  was  passed  through  an  ascarite 
and  molecular  sieve  column  F  to  remove  traces  of  carbon 
dioxide  and  water  vapours.  Following  that  treatment,  the  di¬ 
luent  entered  the  pump  oven  compartment  and  was  directed  to¬ 
wards  the  vaporizer  G  where  it  was  mixed  with  the  liquid  va¬ 
pours  ,i.e.  isopropanol  and  water. 
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The  vaporizer  G  is  a  3/4  in  O.D.,  3  in  long  manifold 
made  of  stainless  steel.  Both  ends  are  provided  with  connec¬ 
tions  to  1/4  in  O.D.  tubing  , serving  as  inlet  for  the  di¬ 
luent  into  the  vaporizer  and  exit  for  the  feed  mixture  to 
the  reactor.  The  two  1/8  in  O.D.  side-arms  of  the  manifold 
are  for  the  introduction  of  two  separate  liquid  compounds. 
The  vaporizer  was  attached  to  the  walls  of  the  pump  compart¬ 
ment  by  its  two  side-arms.  The  inside  of  the  vaporizer  was 
packed  with  glass  wool  to  insure  a  good  distribution  of  li¬ 
quid  and  a  steady  flow  of  vapor.  Although  the  oven  was  main¬ 
tained  at  1 50°C ,  a  supplementary  nichrome  wire  heater  was 
wound  on  the  outside  of  the  vaporizer  and  wrapped  with  insu¬ 
lating  blanket  to  provide  heat  to  vaporize  rapidly  the  in¬ 
coming  liquids.  The  entry  of  liquids  to  the  manifold  had  to 
be  modified  and  designed  carefully  to  avoid  the  temperature 
gradients  that  develop  in  the  liquid  lines  and  cause  surging 
in  the  vapor  flow.  This  nonsteady-state  behaviour  is  usually 
the  consequence  of  too  long  a  residence  time  of  the  liquid 
between  the  places  where  it  starts  to  be  heated  and  where  it 
is  finally  flushed  out  of  the  vaporizer.  This  residence  time 
was  minimized  by  introducing  the  liquids  through  very  fine 
and  long  hypodermic  needles  impinging  directly  on  the  hot 
inside  walls  of  the  vaporizer.  Hamilton  needles  3  in  long 
and  of  various  orifice  sizes  ( KF . 722-KF . 73 1 )  were  used . 
Their  means  of  attachment  to  the  apparatus  is  depicted  sche¬ 
matically  in  Figure  4.2. 

First,  the  female  Luer  lock  ending  of  the  needle  was 
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connected  to  one  of  the  male  Luer  outlet  ports  of  one  of  the 
two  Hamilton  inert  3-way  valves, G1  or  G2 .  A  SwagelocK  1/8  in 
nut  and  a  rubber  septum  were  slid  along  the  needle  stem  per¬ 
mitting  the  needle  assembly  to  be  screwed  tightly  in  its 
final  position  on  the  side  walls  of  the  oven.  The  squeezed 
rubber  septum  provided  a  good  gas-tight  seal  .  The  two  small 
valves  G 1  and  G2  were  very  practical  for  the  switching  on 
and  off  of  the  liquid  feeds  and  helped  to  minimize  the  sta¬ 
bilization  time  necessary  before  the  establishment  of 
steady-state  in  the  liquid  lines.  Any  unwanted  entry  of  air 
into  the  system  could  also  be  avoided  by  proper  manipulation 
of  the  valves.  Flexible  teflon  tubing  with  Kel.F  female  Luer 
fittings  provided  a  good  seal  and  were  used  for  connecting 
the  various  Hami 1  ton  gas-tight  syringes  (Catalog  Numbers 
1010,1020,1050)  with  the  inert  valves. 

Finally,  two  Sage  model  355  syringe  pumps  HI  and  H2 
(Sage  Instruments,  Inc.,  White  Plains,  New  York)  were 
employed  to  inject  water ,  alcohol  and  other  liquid  reagents 
into  the  feed  mixture.  The  plungers  of  the  syringes  are  de¬ 
pressed  by  means  of  a  slowly  moving  carriage  working  on  a 
rack  and  pinion  principle.  A  set  of  driving  gears  in  the 
syringe  pumps  enables  one  to  infuse  liquids  continuously  at 
various  speeds  using  any  single  syringe.  According  to  the 
manufacturer  a  reproducibility  of  ±0.5%  full  scale  is  speci¬ 
fied  regardless  of  the  changes  in  back  pressure  (i.e.,  wi¬ 
thin  the  limits  of  700  mm  Hg  for  a  50  cc  syringe  and  2600  mm 
for  a  10  cc  syringe).  This  is  possible  because  of  an 
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electronic  feedback  circuit  that  regulates  the  permanent  DC 
motor  to  drive  the  pump.  The  calibration  results  and  the 
ability  of  the  syringe  to  deliver  a  continuous  stable  flow 
will  be  the  subject  of  a  separate  section  in  the  next  chapt¬ 
er,  since  in  contrast  to  other  published  studies,  we  have 
spent  substantial  time  and  effort  in  determining  the  optimal 
conditions  of  use  of  this  method  of  feeding.  The  key  advan¬ 
tage  of  this  method  of  infusing  liquids  to  a  catalytic  rea¬ 
ctor  remains  its  greater  versatility  than  other  means.  For 
example,  when  using  a  vapour  saturating  device,  the  range  of 
compositions  is  limited  by  the  volatility  of  the  liquid  rea¬ 
gent.  Furthermore,  it  becomes  impractical  to  feed  simultane¬ 
ously  two  or  more  liquids  in  one  saturator  because  of  the 
usual  mutual  solubilities  of  different  compounds. 


4.2  Recirculation  System 

The  oven  which  enclosed  most  of  the  recycling  loop  was 
constructed  of  sheet  metal  on  an  angle  iron  frame  with  out¬ 
side  dimensions  of  approximately  65  by  34  by  24  cm.  Between 
the  inside  and  outside  metal  walls  one  half  inch  thick  Co- 
tronix  boards  provided  adequate  insulation.  The  oven  was 
mounted  horizontally  on  the  movable  trolley.  On  top  of  the 
removable  lid  a  small  electric  motor  was  mounted  and  at¬ 
tached  to  a  blade  type  fan  by  a  shaft  which  extended  through 
the  lid.  The  purpose  of  the  fan,  which  is  located  just  above 
two  500  watt  strap  heaters  lying  on  the  bottom  of  the 
compartment,  was  to  circulate  the  air  within  the  oven.  The 


-  •  “  ■  : ' 


83 


oven  temperature  was  regulated  at  about  170°C  by  setting  the 
voltage  to  the  oven  heaters  via  a  Variac  and  a  period  of  ap¬ 
proximately  3  hours  was  necessary  to  heat  the  oven  from  a 
cold  start. 

The  circulation  pump  constitutes  the  most  important 
single  piece  of  equipment  of  the  recycling  reactor.  A  Metal 
Bellows  Company  model  118.HT  bellows  pump  was  driven  by  a 
1/4  hp  d.c.  motor  equipped  with  a  variable  speed  controller. 
The  pump  drive  shaft  extended  through  the  bottom  of  the  oven 
wall  and  was  coupled  to  the  motor  shaft  .  The  pump,  designed 
to  operate  up  to  230°C,  provided  a  continuous  leak-free 
operation  for  two  and  a  half  years.  Its  great  dependability 
and  contamination-free  operation  eliminate  many  of  the  pro¬ 
blems  encountered  in  earlier  recycle  reactors.  The  capacity 
of  the  pump  at  atmospheric  pressure  and  in  open  atmosphere 
is  almost  28  1/min  at  a  motor  speed  of  1725  rpm.  The  deli¬ 
vered  flow  rate  decreases  linearly  with  the  operating  pres¬ 
sure  of  the  pump,  down  to  zero  at  about  25  psig.  The  capaci¬ 
ty  of  the  pump  also  decreases  linearly  as  the  net  difference 
between  the  discharge  pressure  and  the  suction  pressure  in¬ 
creases.  The  testing  of  these  character i st i cs  was  done  ex¬ 
perimentally  by  incorporating  an  adequate  throttling  valve 
in  the  discharge  line  of  the  pump.  The  presence  of  a  filter 
is  recommended  by  the  manufacturer  to  prevent  the  entrance 
of  particulate  matter  into  the  pump  thereby  causing  per¬ 
manent  damage  to  the  stainless  steel  bellows.  Three  sintered 
stainless  steel  filters  of  size  7,  15  and  60  microns  were 
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tested  and  the  respective  capacities  were  reduced  to  90,  70 
and  50%  of  full!  capacity.  On  the  basis  of  these  results  we 
selected  the  60  micron  filter  in  the  final  design.  In  other 
similar  tests,  it  appeared  that  the  use  of  1/4  in  O.D. 
stainless  steel  piping  can  create  high  enough  resistances  to 
the  flow  to  reduce  the  capacity  of  the  pump  significantly. 
Accordingly,  our  final  choice  for  the  piping  size  in  the  re¬ 
circulation  loop  was  3/8  in  O.D.  316  SS  tubing. 

Figure  4.3  is  a  flow  diagram  of  the  major  components  of 
the  reactor  piping.  At  the  exit  of  the  vaporizer  G,  the  feed 
mixture  can  be  split  into  two  portions.  The  main  portion 
goes  to  the  four-way  valve  SW1  (Whitey  SS-43YF2)  where  it 
can  be  directed  either  to  the  entrance  of  the  reactor  loop 
or  to  simply  bypass  the  reactor  (as  in  batch  operation).  Si¬ 
milarly  the  smaller  portion  of  the  feed  is  routed  to  another 
suitching  valve  SW2  where  it  can  either  enter  the  reactor  or 
bypass  it  via  a  GC  sampling  valve  for  feed  analysis.  The 
metering  valve  R1  (Nupro  "S"  series)  regulates  the  amount  of 
secondary  flow  diverted  for  GC  analysis.  After  the  feed  ent¬ 
ers  the  reactor  loop  near  the  pump  discharge,  it  is  first 
recirculated  through  a  regulating  valve  R2  (Whitey  SS-1RS6) 
which  is  normally  fully  open.  However,  various  reci rcu 1  at  ion 
rates  in  the  reactor  can  be  obtained  by  proper  throttling  of 
R2  and  a  mercury  manometer  has  been  installed  across  the 
valve  to  monitor  the  reci rculation  rates.  The  gas  mixture 
exits  the  oven  and  flows  through  the  infrared  compartment 
past  the  catalyst  before  returning  to  the  pump  oven 
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Figure  4.3  Flow  Diagram  of  Reactor  Loop  Piping 
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compartment.  Several  shut-off  valves  have  been  installed  in 
the  lines  to  greatly  facilitate  the  detection  of  leaks  in 
various  sections  of  the  apparatus  .  The  gases  enter  a  mani¬ 
fold  I  where  all  other  external  connections  have  been  inco¬ 
rporated.  In  addition  a  pressure  gauge  J  is  mounted  on  the 
manifold  for  indicating  the  operating  pressure  in  the  rea¬ 
ctor  loop.  Because  of  the  low  resistances  to  flow  within  the 
large  connecting  lines  in  the  loop  (3/8  in  O.D.),  the  pres¬ 
sure  reading  approximates  closely  the  true  value  of  the 
pressure  in  the  catalytic  zone.  Most  of  the  flow  proceeds 
towards  the  suction  entrance  of  the  bellow  pump  after  pas¬ 
sing  through  the  sintered  stainless  steel  60  micron  filter. 
After  the  manifold  I,  the  exit  gases  are  again  split  into 
two  streams.  The  major  part  goes  to  SW1  through  a  1/4  in 
O.D.  line  and  another  regulating  valve  R3.  The  purpose  of 
this  valve  was  to  maintain  a  constant  gauge  pressure  in  the 
reactor  loop  throughout  the  entire  study  (i.e.,  at  all  flow 
rates  and  compositions).  The  other  smaller  portion  of  the 
outgoing  gases  passes  through  SW2  and  is  routed  through  the 
gas  sampling  loop  for  GC  composition  analysis.  Before  being 
vented ,  the  two  exit  stream  flows  can  be  measured  with  soap 
bubble  meters. 


4.3  Infrared  Cell  Compartment 

The  infrared  compartment  of  the  new  reactor  can  be  seen 
in  Figure  4.4.  It  consists  of  two  major  pieces;  a  4  3/4  inch 
wide,  13  inch  long  and  8  inch  deep  rectangular  tank  and  a 
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Figure  4  4  Photographs  of  IR  Cell  Compartment 
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dual  cell  assembly  placed  inside  the  tank.  The  tank  was  made 
of  1/8  inch  aluminum  sheets.  To  allow  for  the  passage  of  the 
infrared  beams  and  the  positioning  of  the  cell  assembly,  two 
3  10/16  inch  diameter  holes  were  cut  on  each  of  the  two 
largest  vertical  faces  of  the  rectangular  tank  5  inches 
apart.  These  holes  were  positioned  so  that  their  centers  co¬ 
uld  be  aligned  exactly  with  the  axis  of  the  reference  and 
sample  beams  of  the  infrared  spectrophotometer .  The  holes 
were  centered  35/8  inches  from  the  base  of  the  tank;  the 
width  of  the  tank  fitted  snugly  in  the  analytical  compart¬ 
ment  of  the  spectrometer .  The  tank  was  mounted  on  the  end  of 
the  main  base  plate  of  the  movable  trolley,  as  shown  on  Fi¬ 
gure  4.1  and  4.4.  The  position  of  the  tank  could  be  shifted 
vertically  to  match  the  level  of  the  infrared  beams  by  means 
of  the  projecting  arm  seen  on  the  left  of  Figure  4.4.  The 
bottom  of  the  tank  was  also  covered  with  1/2  inch  thick  co- 
tronix  insulating  boards.  Two  flat  400  watts  heating  ele¬ 
ments  (OT-1004,  Wiegand,  USA)  were  installed  in  parallel 
just  above  the  bottom  insulation,  covering  almost  the  entire 
length  of  the  tank.  These  strap  heaters  provided  the  main 
heat  supply  to  the  infrared  oven  and  were  connected  to  the 
outside  by  two  ceramic  connectors  fixed  into  the  sample  side 
wall  of  the  tank.  In  the  middle  of  the  same  side  wall  a  1/4 
inch  hole  was  drilled  in  order  to  introduce  various  thermo¬ 
couples  inside  the  box. 

We  will  now  describe  the  sequential  procedures  required 
before  the  reactor  could  be  placed  in  use.  The  lower  part  of 
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the  inner  walls  of  the  tank  was  covered  with  1/2  inch  thick 
Cotronix  insulating  blanket  before  introducing  the  Pyrex 
cell  assembly  into  the  infrared  oven  compartment  (see  Figure 
4.4).  The  length  of  the  cells  was  exactly  4  5/16  inches, 
1/16  inch  smaller  than  the  inside  width  of  the  tank.  To  po¬ 
sition  the  Pyrex  cell  unit  in  its  final  horizontal  position, 
one  aluminum  external  plate  was  slipped  over  each  end  of  the 
cells  and  attached  to  the  sides  of  the  tank  by  six  bolts. 
This  operation  is  displayed  in  Figure  4.4  where  we  can  see 
the  six  equidistant  threaded  holes  of  3/32  inch  diameter 
that  were  made  along  a  circle  3/16  inch  outside  the  outer 
circumference  of  the  side  walls  cavities.  The  external 
plates  were  machined  so  that  they  could  fit  exactly  into  the 
circular  gap  (see  Figure  4.4)  between  the  45  cm  O.D.  cy¬ 
lindrical  Pyrex  cells  and  the  tank  walls.  An  additional 
groove  was  machined  to  allow  the  external  vertical  face  of 
each  plats  to  be  positioned  almost  exactly  flush  with  the 
ends  of  the  infrared  cells.  A  1/8  inch  wide,  2  mm  deep 
groove  was  machined  to  accommodate  a  Vi  ton  o-ring  around 
each  end  of  the  cells  (see  Figure  4.4).  When  in  place,  the 
o-rings  maintained  the  cells  in  their  exact  position  and 
were  slightly  protruding  to  the  outside.  Four  equidistant 
additional  threaded  holes  were  made  along  a  circle  at  a  1 
1/8  inch  distance  from  the  central  axis  of  the  plates.  The 
function  of  these  holes  (see  Figure  4.4)  was  to  hold  the 
covers  of  the  infrared  windows.  The  four  identical  aluminum 
window  covers  were  2  6/8  diameter  disks  5/16  of  an  inch 
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thick.  A  trough  was  cut  from  each  disk  for  the  i ncorporat ion 
of  the  49.5  x  6.5  mm  NaCl  infrared  transparent  windows  (Har- 
shaw  Chemical  Company  -  Part  number  04806).  A  hole  with  1 
3/4  inch  diameter  was  cut  from  the  bottom  of  the  trough  to 
allow  the  passage  of  the  infrared  beams.  Four  holes  equidi¬ 
stant  from  each  other  were  drilled  along  a  wide  2  2/8  inch 

in  diameter  on  the  window  caps.  By  employing  four  screws, 
the  cover  together  with  the  NaCl  window  could  be  fastened 
onto  the  external  plates.  To  provide  a  good  seal,  the  window 
was  pressed  against  the  outside  face  of  the  o-rings  by  ti¬ 
ghtening  the  screws .  Experience  indicated  that  the  Vi  ton 
o-rings  seals  remained  effective  even  after  repeated  pre¬ 
treatments  of  the  catalyst  at  400 0 C .  However,  when  the  reac¬ 
tion  cell  had  to  be  opened  to  change  the  catalyst  wafer,  the 
windows  usually  adhered  to  the  o-rings  and  could  only  be  de¬ 
tached  after  repeated  flushing  with  acetone.  The  Vi  ton 
o-ring  could  be  removed  from  its  groove  without  damage  to 
the  glass  cell  by  propping  it  out  carefully  using  a  needle 
hook.  In  the  present  work  the  o-rings  were  renewed  at  each 
removal  of  the  adjacent  windows,  so  that  when  the  catalyst 
was  changed  it  was  only  necessary  to  replace  the  two  o-rings 
of  the  reaction  cell.  The  infrared  windows  were  reemployed 
with  occasional  repolishing.  Attempting  to  detach  the  win¬ 
dows  too  quickly  without  flushing  with  acetone  resulted  in 
small  pieces  of  the  NaCl  windows  remaining  on  the  contact 
surface  of  the  o-ring.  This  deterioration  eventually  pre¬ 
vented  a  good  seal  in  subsequent  use  of  the  window. 
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Consequently,  care  is  recommended  in  the  removal  operation 
and  the  experimenter  should  apply  a  minimum  shearing  stress 
between  the  window  and  the  Vi  ton  o-riny  in  order  to  extend 
the  life  of  the  crystal. 

The  infrared  dual  cell  assembly  now  in  position  in  the 
infrared  oven  is  shown  separately  on  Figure  4.5.  Its  concep¬ 
tion  was  based  on  the  various  design  factors  enumerated  in 
Chapter  3.  The  assembly  consists  of  eight  individual  Pyrex 
parts  that  were  assembled  in  the  glass  shop.  Because  of  its 
inertness  towards  many  compounds,  and  particularly  alcohols, 
Pyrex  was  selected  for  the  construction  material.  The 
brittle  point  of  Pyrex  occurs  at  550°C.  Two  of  the  eight 
components  were  identical  cylindrical  sections,  4  5/16  inch 
long  and  45  mm  O.D. ,  to  be  used  as  reference  and  sample 
cel  Is , respect ively .  On  the  reference  cell  a  side  arm  was 
mounted  at  the  centre  and  perpendi cu 1 ar  to  the  cylindrical 
section,  permitting  entrance  of  the  gases.  To  facilitate  the 
glass  blowing  operation,  the  size  of  the  arm  was  made  smal¬ 
ler  at  the  joint  base  ( 15  mm  O.D. )  for  a  length  of  approxim¬ 
ately  2  cm.  Above  this  short  section,  the  size  of  the  arm 
was  expanded  to  35  mm  O.D.  to  preheat  the  recycled  gases  to 
the  reaction  temperature  before  entering  the  reference  cell. 
The  preheating  requirements  could  be  most  effectively  met  by 
i ncorpor at i ng  a  heated  packed  bed  in  the  entrance  section  of 
the  cells,  containing  glass  beads  of  4  mm  diameter  to  a 
depth  of  about  7  cm.  The  glass  beads  are  supported  on  a  per¬ 
forated  Pyrex  disk  slid  within  the  entrance  tube  to  the 
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reduced  section.  An  important  advantage  of  this  configura¬ 
tion  has  already  been  illustrated  in  Chapter  3  where  the  te¬ 
mperature  of  the  gases  at  the  entrance  of  the  reference  cel  1 
could  be  manipulated  independently  for  the  compensation  of 
the  gas  phase  absorbance.  The  temperature  T1  could  be  moni¬ 
tored  very  accurately  through  the  packed  bed. 

The  exit  side  arm  was  mounted  identically  on  the  reac¬ 
tion  cell  except  that  its  diameter  was  uniform  (15  mm  O.D.). 
The  overall  length  of  the  entrance  and  exit  arms  was  exactly 
13  cm.  Just  above  the  junctions  with  the  cells  at  the  base 
of  the  two  vertical  arms,  Kovar  joints  were  attached  in  an 
inclined  position.  They  enabled  thermocouples  to  record  the 
temperatures  T 1  and  T2  at  the  entrance  of  the  reference  cell 
below  the  packed  bed  and  at  the  outlet  of  the  reaction  cell 
just  above  the  catalyst  pellet.  Two  additional  6  mm  O.D. 
Pyrex  tubes  connected  the  two  cells.  These  tubes  were  lo¬ 
cated  at  1.5  cm  from  each  end  of  the  two  cells  and  were 
mounted  parallel  to  each  other  in  the  same  horizontal  plane 
so  that  they  could  be  aligned  with  their  counter -par ts .  This 
geometry  allowed  the  splitting  of  the  flow  between  the  two 
cells  into  two  equal  streams  impinging  on  both  faces  of  the 
catalyst  wafer  according  to  the  design  considerations  ela¬ 
borated  in  Chapter  3.  To  ensure  proper  final  alignment  of 
the  two  cells,  a  special  mount  was  designed  to  support  the 
individual  cells  in  this  position  before  the  glass  blower 
made  the  final  connections.  Use  of  two  single  loops  of  5  cm 
diameter  to  connect  the  cells  provided  slight  flexibility 
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between  the  two  cells,  enabling  the  same  cell  assembly  to  be 
used  throughout  the  rest  of  this  study.  This  added  flexibi¬ 
lity  is  necessary  to  prevent  breaking  of  the  connecting  arms 
between  the  cells. 

After  the  cells  had  been  positioned  in  the  infrared 
compartment  in  their  final  position  by  fastening  the  in¬ 
frared  windows,  the  upper  sections  of  the  inside  side  walls 
were  covered  with  the  same  1/2  inch  thick  Cotronix  insulat¬ 
ing  blanket.  This  insulation  must  be  placed  carefully  with 
special  attention  around  the  ends  of  the  cylindrical  sec¬ 
tions  of  the  cells  and  between  the  connecting  loops  and  the 
lateral  walls. 

The  top  cover  of  the  reactor  tank,  also  insulated  on 
its  inside  wall,  was  then  positioned  to  close  the  infrared 
compartment.  Two  circular  holes  of  adequate  size  had  been 
drilled  through  the  cover  to  permit  the  sliding  of  the  lid 
over  the  entrance  and  exit  vertical  arms  of  the  Pyrex  as¬ 
sembly.  On  the  lid  ,  a  small  motor  was  mounted  to  drive  a 
blade  type  stirrer  which  circulates  the  air  inside  the  reac¬ 
tion  oven.  The  stirrer  was  positioned  in  the  space  between 
the  two  cells  by  means  of  an  extended  shaft  and  a  carbon  be¬ 
aring  which  can  sustain  the  high  temperatures  used  during 
the  pretreatment  of  the  catalyst. 

The  inlet  and  outlet  Pyrex  arms  extended  about  an  inch 
beyond  the  top  of  the  aluminum  cover.  To  close  the  recycle 
loop  special  adapters  were  constructed  to  connect  the  Pyrex 
tubes  to  the  stainless  steel  sections  of  the  reactor  loop. 
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These  adapters,  with  appropriate  sealing  Vi  ton  o-rings  were 
slid  over  each  arm  of  the  cells  before  being  tightened  at 
the  other  end  with  SwagelocK  fittings  to  the  valves  S4  and 
S5  just  outside  the  pump  oven  compartment  (see  Figure  4.3). 
To  avoid  breaking  the  glass  while  tightening  the  nuts,  a  3 
inch  long  section  of  flexible  stainless  steel  tubing  was  in¬ 
serted  in  the  middle  of  the  connecting  lines  of  the  adapt¬ 
ers.  Finally,  the  Pyrex  ends  were  sealed  by  hand- t ighteni ng 
the  adapters  on  top  of  the  reaction  compartment.  This  design 
provided  a  leak-free  operation  and  enabled  easy  dismantling 
of  the  reactor  assembly.  Dismantling  usually  was  necessi¬ 
tated  by  corrosive  oxidation  of  the  copper  wires  connecting 
the  ports  of  the  strap  heaters  at  the  bottom  of  the  infrared 
compartment.  Despite  these  drawbacks  the  reactor  remained 
dependable  and  could  be  dismantled  and  reassembled  in  a  few 
hours  .  A  final  layer  of  insulation  (1/8  inch  thick)  covered 
all  the  external  aluminum  walls  of  the  infrared  compartment 
in  order  to  reduce  the  heat  losses  to  the  surroundings  and 
to  prevent  the  direct  contact  of  the  hot  metal  surfaces  with 
the  sides  of  the  analytical  compartment  of  the  spectrometer. 


4.4  Catalyst  Sample  Holder 

The  catalyst  sample  holder  shown  in  Figure  4.5  was  fa¬ 
bricated  of  Pyrex  and  consisted  of  three  separate  pieces. 
The  central  piece  was  a  3/4  in.  long  28  mm  O.D.  23  mm  I.D. 
Pyrex  tube.  At  both  ends,  thicker  glass  walls  were  used  to 
machine  flanges  that  could  fit  exactly  into  the  inside 


' 


95 


Figure  4.5  Photographs  of  Cell  Assembly  and  Catalyst 
Sample  Holder 
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cavities  of  the  two  identical  external  pieces.  A  slot,  1/16 
in.  wide  was  cut  in  the  middle  of  the  holder  for  insertion 
of  the  catalyst  wafer .  The  wafer  was  supported  in  three 
places  where  the  slot  had  not  been  cut  .  The  thickness  of 
the  wafer  was  usually  about  0.1  mm  and  the  escape  of  the 
impinging  gases  occurred  radially  outwards  through  the  re¬ 
maining  open  space  of  the  slot. 

Two  identical  outer  caps  of  geometry  similar  to  the 
previous  infrared  caps  were  machined  in  the  glass  shop.  The 
larger  inside  cavity  (33  mm  diameter)  was  dimensioned  to  ac¬ 
commodate  exactly  the  flanges  at  each  end  of  the  central 
part  of  the  samp  1 e  ho  1 der .  The  sma 1 1 er  ho  1 e  (23  mm  d i ameter ) 
on  the  front  ends  of  the  caps  permitted  the  free  flow  of  the 
gases  to  the  catalyst  as  well  as  the  passage  of  the  infrared 
beams  through  the  cells.  The  outer  cylindrical  surfaces  of 
the  caps  were  machined  to  fit  as  closely  as  possible  the  in¬ 
sides  of  the  cells  to  minimize  by-passing  of  the  catalyst  by 
the  reacting  gases. 

Before  an  experimental  run,  a  catalyst  wafer  was  placed 
into  the  central  slot  of  the  sample  holder.  This  was  accom¬ 
plished  by  picking  the  wafer  up  with  a  flat  device  such  as  a 
razor  blade  and  inserting  it  horizontally  into  the  slot  of 
the  sample  holder.  The  entire  sample  holder  unit  could  be 
inserted  from  either  end  of  the  reaction  cell  and  positioned 
in  its  centre.  Because  of  the  minimal  tolerances  achieved  in 
the  construction  of  the  sample  holder,  all  the  reacting 
gases  were  forced  to  impinge  on  the  catalyst  before  being 
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evacuated  through  the  open  parts  of  the  slot  at  the  peri¬ 
phery  of  the  catalyst.  When  the  pump  was  turned  on,  the  pel¬ 
let  was  exposed  to  the  rapid  flow  fluctuations  originating 
from  the  pump,  and  some  deterioration  of  the  wafer  sometimes 
happened  after  a  few  hours.  From  experience  with  alumina, 
the  use  of  pellets  of  less  than  60  mg  is  not  recommended. 
Above  that  weight,  the  mechanical  strength  of  the  wafer  al¬ 
lowed  trouble-free  operation  for  many  days. 


5.  EXPERIMENTAL  PROCEDURES  AND  DATA  EVALUATUION 
5.1  Reagent  And  Catalyst 

The  high  purity  nitrogen  (99.99%)  used  in  the  Kinetics 
study  was  supplied  in  cylinders  by  Alberta  Oxygen  Ltd.  Even 
though  the  oxygen  impurity  analyzed  by  gas  chromatography  on 
a  typical  sample  was  found  to  be  negligible,  a  column  filled 
a  supported  Cu-CuO  catalyst  was  installed  in  the  feed  line 
of  nitrogen.  Moreover ,  traces  of  water  and  carbon  dioxide 
vapours  were  also  eliminated  by  passing  the  diluent  nitrogen 
through  a  column  filled  with  molecular  sieve  and  ascarite 
before  entering  the  reactor . 

The  reactant,  2-propanol  was  purchased  from  Fisher 
Scientific  Co.  and  was  of  spectroscopic  grade.  No  further 
purification  was  attempted  since  traces  of  impurity  could 
not  be  detected  by  infrared  and  gas  chromatography.  In  mixed 
feed  experiments  water  was  added.  Nitrogen  was  the  main  im¬ 
purity  contained  in  the  oxygen  used  for  the  pretreatment  of 
the  catalyst . 

Only  one  type  of  catalyst  was  used  in  the  present 
study.lt  is  the  ^-alumina  supplied  by  the  Cabot  corporation, 
under  the  trade  name  of  A  Ion. This  alumina  is  no  longer  being 
manufactured  by  Cabot  Corporation.  The  typical  properties  of 
the  alumina,  as  specified  by  the  manufacturer  are  listed  in 
Table  5-1.  Alon  is  a  fumed  alumina  containing  extremely 
small  non-porous  particles  made  by  the  hydrolysis  of  alu¬ 
minum  chloride  in  a  flame  process.  The  extremely  small 


98 


Table  5.1  Typical  Properties  of  Alon 


Color  and  Form  ~ 

•X-Ray  Structure  ~ 

.  •  •  *  * 

Alumina  Content*  " 

Ignition  Loss  = 

Metallic  Oxides  **  = 

Avg.  Particle  Diameter 
Surface  Area  - 

pH  (10%  Aqueous  Suspension)  = 

Specific  Gravity 
Loose  Density  85 

Bag  Bulk  Density  .  ~ 

% 

Refractive  Index  *  = 

Note:  .  * Excludes  physically  and 


V/hite  Powder 
90%  Gamma  Form 
99%  minimum 
4.5%  maximum 
0.2%  maximum 
0.03  micron  . 

100  m?-/g  . 

4.4 
3.6 

1.8  -  2.0  Ibs/cu.  ft 
.  .  3.0  -  4.0  Ibs/cu.  ft 

1.70 

chemically  combined  water 


*^0ther  than  A1203 


-  f)  Hq 


\ 
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particles  allow  Alon  to  be  pressed  into  wafers  suitable  for 
infrared  spectroscopic  studies.  Thin  i nfrared- transparent 
catalyst  wafers  were  prepared  by  pressing  the  Alon  in  a  die 
under  high  pressure  (9.81x107  pa).  Forming  much  thinner  waf¬ 
ers  (8  mg /cm 2  compared  to  (16  mg/cm2)  was  made  possible  by 
designing  a  new  die  and  by  using  Teflon  pads  instead  of 
stainless  steel  for  squeezing  the  powder.  Since  the  exper¬ 
ience  herein  was  limited  to  compacting  Alon, other  practical 
implications  are  therefore  omitted.  The  use  of  very  thin 
wafers  diminishes  scattering  losses  and  lattice  absorption 
by  the  solid  and  facilitates  the  i nterpretat i on  of  spectra, 
particularly  in  static  studies.  In  this  work,  where  the  ca¬ 
talyst  is  used  under  dynamic  conditions,  the  use  of  thinner 
wafers  is  in  fact  limited  by  the  mechanical  strength  of  the 
pellet  (as  seen  in  Chapter  3). 

The  typical  surface  area  of  the  catalyst,  91  m2/g, after 
pressing  into  wafers  was  determined  previously  by  Chuang 
(75)  and  Liu  (152)  using  the  standard  BET  method  of  nitrogen 
adsorption.  The  adsorption  isotherm  was  also  measured  and 
the  associated  pore  size  distribution  calculated  according 
to  the  procedure  reported  by  Gregg  and  Singh  (150). 


5.2  Recording  And  Monitoring  Of 

Five  1/8  o.d.  type  316 
i ron-constantan  thermocouples 
frared  reactor  compartment 
thermocouples  were  selected 


Process  Temperatures 
stainless  steel  shielded 
were  introduced  into  the  in- 
before  operation.  These 
so  that  their  readi ngs , when 
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calibrated  in  a  bath  of  Known  temperature  before 
installation, did  not  differ  by  more  than  0.5°C  from  the  true 
temperature  in  the  range  of  reaction  temperatures  between 
200  and  300°C.The  length  of  each  of  these  thermocouples  per¬ 
mitted  for  making  the  required  connections  to  the  tempera¬ 
ture  recorder . 

The  thermocouple,! 3, served  as  input  to  the  Honeywell 
temperature  controller  (SCR  trigger  control ler , Model  R7161J) 
which  controlled  the  temperature  in  the  centre  of  the 
compartment, near  to  the  fan.  The  output  voltage  from  the 
controller  was  applied  to  two  400  watts  strap  heaters  lo¬ 
cated  in  the  bottom  of  the  compartment.  The  other  four  ther¬ 
mocouples  , T 1 , T2 , T4  were  connected  to  a  Speedomax  type  G  te¬ 
mperature  recorder  (Leeds  and  Northrup  Co.)  and  their  spe¬ 
cific  role  will  be  explained  later. From  time  to  time,  a 
known  voltage  from  a  potentiometer  was  fed  into  the  recorder 
or  the  contol ler  to  check  the  voltage  or  cor respondi ng 1 y , 
the  temperature  indicated  by  the  readings  on  both  instru¬ 
ments.  Throughout  the  study,  no  noticeable  drift  in  tempera¬ 
ture  recording  was  experienced.  This  was  confirmed  by  notic¬ 
ing  that  the  same  settings  of  the  various  Variacs  always  re¬ 
sulted  in  the  same  readings  on  the  recorder . 

The  geometrical  arrangement  of  the  thermocouples  inside 
the  reactor  tank  is  depicted  in  Figure  5-1.  T5,  one  of  the 
four  thermocouples  hooked  to  the  Speedomax  recorder,  was  po¬ 
sitioned  in  the  bottom  corner  of  the  tank  just  above  the 
heaters.  Another  thermocouple  T1  indicated  the  temperature 
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Tank. 


Figure  5.1  Geometrical  Arrangement  of  Thermocouples  in  the 

Reactor 
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of  the  recycling  gases  at  the  entrance  of  the  reference  cell 
below  the  preheater  bed.  The  packed  bed  heater  consisted  of 
n i chrome  wire  (4.28  ohm/ f t )  wound  around  the  outside  wall  of 
the  entrance  tube  of  the  cell  assembly.  Since  it  was  de¬ 
signed  to  preheat  the  incoming  reactive  mixture,  a  1/2  inch 
thick  layer  of  i nsu 1  at  ion  (Cotronix  ceramic  blanket)  covered 
the  heating  wire  to  prevent  the  heat  generated  from  diffus¬ 
ing  appreciably  into  the  compartment.  This  was  subsequently 
checked  during  operation  by  changing  the  input  voltage  to 
the  preheater  while  keeping  the  other  heating  devices  unaf¬ 
fected.  The  high  sensitivity  of  the  thermocouple  T1,  to  such 
a  disturbance,  compared  to  the  absence  of  response  of  the 
other  temperature  readings  suggests  that  most  of  the  pre¬ 
heater  load  is  transferred  to  the  entering  gases.  To  adjust 
the  temperature,  T1,  accurately  over  a  wide  range  of  voltage 
inputs,  the  resistance  of  the  preheater  was  set  at  60  ohms. 
As  mentioned  in  the  previous  chapters,  this  heating  device 
was  most  helpful  in  performing  the  calibration  tests  enabl¬ 
ing  proper  compensation  for  the  gas  phase  absorbance. 

The  thermocouple  T2  was  the  most  important  in  the  sense 
that  its  reading  was  taken  to  be  the  true  temperature  of  the 
catalyst  wafer.  The  end  tip  of  T2  was  inserted  into  the  re¬ 
action  cell  just  above  the  catalyst  wafer.  Both  T1  and  T2 
were  mounted  on  side  arms  of  the  cell  assembly  by  means  of 
Kovar  joints.  The  tightening  of  the  thermocouples  to  the 
Pyrex  unit  was  done  very  carefully  and  permanently  at  the 
beginning  of  the  study.  No  attempt  was  made  to  remove  them, 
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since  the  entire  assembly  can  be  removed  from  the  top  of  the 
compartment  even  with  attached  thermocouples.  The  tip  of  T4 
was  placed  in  the  oven  just  outside  the  reaction  zone  to 
indicate  the  difference  in  temperature  between  the  inside 
and  outside  of  the  reaction  cell.  Finally  the  role  and  posi¬ 
tion  of  T 3  have  been  specified  above. 

It  was  already  mentioned  at  the  end  of  Chapter  3  that 
substantial  differences  between  the  readings  of  T2,  T3,  T4 
and  T5  arose  during  the  initial  operation  of  the  system.  It 
was  also  discovered  that  the  main  cause  of  these  differences 
was  the  significant  heat  loss  through  the  infrared  windows. 
This  led  to  the  i ncorporat ion  of  an  additional  heating  de¬ 
vice  in  these  crucial  areas.  A  single  Nichrome  wire  heater 
was  wound  in  series  around  each  end  of  the  Pyrex  cells.  Ten 
turns  of  4.28  ohms/ ft  heating  wire,  covering  a  section  of 
about  3  cm  at  each  end  of  the  cell,  provided  a  heating  resi¬ 
stance  of  18  ohms  in  the  vicinity  of  each  window.  The  total 
resistance  of  the  heater  amounted  to  80  ohms,  which  is  ap¬ 
propriate  for  fine  adjusting  of  the  heating  load  with  a  Var- 
iac.  In  contrast  to  the  preheater,  no  insulation  was  used  to 
cover  the  sections  of  this  heater,  because  it  was  found  to 
be  advantageous  if  some  part  of  the  generated  heat  was  dis¬ 
sipated  in  the  tank  to  give  a  more  uniform  distribution  of 
temperatures  throughout  the  compartment. 

By  adjusting  the  associated  Variac  (at  settings  usually 
between  80  and  100),  several  significant  improvements  were 
obtained.  First,  it  was  now  possible  to  match  within  2°C  the 


' 


105 


temperatures  12,  T3  and  T4,  which  indicates  that  the  radial 
gradients  in  the  reaction  zone  on  both  sides  of  the  Pyrex 
walls  are  practically  non-existent.  Before  the  incorporation 
of  the  heater,  T2  and  T3  could  differ  by  as  much  as  50°C 
mainly  because  of  the  cooling  of  the  gases  while  travelling 
past  the  windows.  There  were  also  differences  of  about  10°C 
between  T3  and  T4,  indicating  an  insufficient  circulation 
and  mixing  of  the  air  enclosed  within  the  oven  compartment. 
All  of  these  non- i sotherma 1  deficiencies  have  now  been 
overcome. The  new  distribution  of  various  heat  sources  inside 
the  compartment  helps  to  minimize  the  temperature  inhomogen¬ 
eities.  Another  advantage  was  already  illustrated  in  Chapter 
3,  it  was  now  possible  to  obtain  good  compensation  of  the 
gas  phase  absorbance  between  the  two  cells  by  simply  adjust¬ 
ing  T 1  with  the  preheater  Variac  a  few  degrees  (about  5°C) 
below  the  temperature  of  reaction  T2.  This  suggests  in  turn 
that  the  axial  temperatures  gradients  inside  the  two  cells 
are  very  small,  because  of  the  reasonable  balance  between 
the  heat  supplied  by  the  new  heater  and  the  heat  lost  via 
the  windows.  Of  course,  it  remains  likely  that  strong  gra¬ 
dients  are  still  present  in  a  very  thin  layer  in  contact 

with  the  windows  but  these  do  not  affect  the  crucial  reac- 
t i on  zone . 

In  this  final  layout,  the  thermal  behaviour  of  the  rea¬ 
ctor  system  was  considered  satisfactory  to  serve  our  pur¬ 


poses  . 
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5.3  Infrared  Spectrophotometer 

All  IR  spectra  were  recorded  on  a  Perkin-Elmer  Model 
621  infrared  spectrophotometer.  It  is  a  double-beam,  grating 
infrared  spectrometer  rated  with  a  photometric  accuracy  of 
0.4%  of  the  transmittance  over  the  entire  0  to  100%  tran¬ 
smittance  range.  The  spectrometer  has  a  built-in  presample 
chopper  positioned  in  the  IR  source  compartment  to  discri¬ 
minate  between  the  desired  signal  and  thermal  radiation  from 
the  sample.  Heating  or  cooling  of  samples  in  the  sample  area 

can  thus  be  carried  out  without  introducing  significant  er¬ 
rors  in  the  signal . 

The  slits  of  the  spectrometer  can  be  controlled  au¬ 
tomatically  for  constant  reference  beam  energy,  can  be  con¬ 
trolled  manually,  or  in  program  mode,  with  or  without  au¬ 
tomatic  gain  control.  More  details  on  the  operation  of  the 
spectrometer  can  be  found  in  the  Perkin-Elmer  Model  621 
manuals.  The  spectrometer  was  purged  with  purified  dry  com¬ 
pressed  air.  The  purging  system  consists  of  a  series  of 
filters  and  unheated  adsorption  columns  to  remove  oil,  water 
vapor  and  carbon  dioxide  from  the  air. 

The  model  621  is  also  equipped  with  an  attenuator  in 
the  reference  beam.  This  was  used  in  cases  where  substantial 
scattering  of  the  infrared  beam  is  caused  by  the  catalyst 
wafer  (especially  in  the  3000-4000  cm- *  frequency  range  of 
the  infrared  beam).  The  slit  opening  which  is  directly  pro¬ 
portional  to  the  reciprocal  of  the  original  transmittance, 
can  then  be  decreased  to  compensate  for  the  loss  in  energy 
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from  scattering.  On  the  other  hand,  decreases  in  slit  open¬ 
ing  reduce  the  total  amount  of  light  in  the  reference  beam 
and  also  reduce  the  sensitivity  of  analysis. 

By  adjusting  the  slit  opening,  the  transmittance  indi¬ 
cated  by  the  pen  reading  was  normally  set  at  80%  at  4000 
cm"1.  For  better  results,  the  transmittance  reading  should 
lie  between  10%  and  90%  throughout  the  entire  range  of  in¬ 
frared  scan.  This  was  achieved  by  stopping  the  scan  and  re¬ 
adjusting  the  beam  attenuator  as  needed  from  time  to  time. 
Since  the  alumina  has  strong  infrared  absorption  at  frequen¬ 
cies  below  1000  cm’1,  scans  were  terminated  at  1000  cm-1. 
For  better  accuracy,  slow  scanning  speeds  should  be  used.  In 
spectral  frequency  ranges  of  no  interest,  the  scanning  speed 
was  increased. 


5.4  Gas  Chromatographic  Composition  Analyses 
5.4.1  Gas  chromatograph  operation 

A  Hewlett-Packard  5710A  gas  chromatograph  was  used  to 
carry  out  the  analysis.  The  following  chromatograph  column 
and  operating  conditions  were  used  to  separate  nitrogen, 
water,  propylene  and  isopropanol. 

Column :  The  column  was  made  of  a  6  foot  long,  1/8  inch 
diameter,  316  SS  tubing  and  was  packed  with  Poropak  Q. 
An  identical  column  was  placed  in  the  reference  section. 
Column  temperature :  The  analysis  was  carried  out  with 
the  column  at  120°C  , i . e . i sotherma 1  G.C.  oven 
temperature . 
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Carrier  and  reference  gas  supply  pressure :  Helium  was 
used  as  the  carrier  gas.  The  upstream  supply  pressure 
was  always  regulated  at  40  psig. 

Carrier  and  reference  gas  flow  rate:  The  flow  rate 
through  each  of  the  columns  was  regulated  at  about  45 
ml /min  at  ambient  conditions. 

Detector:  The  thermal  conductivity  detector  was  con¬ 
trolled  at  200°C,  and  the  bridge  current  sensitivity 
setting  was  set  at  5  (about  200  mi  1 1 i amperes ) . 

Gas  sample  valve:  A  6  port  Valeo  ( LVSV-6-HP . )  gas  sample 
valve  was  used  to  inject  vapour  samples.  The  volume  of 
the  sample  loop  was  0.25  cc.  The  valve  was  located  in¬ 
side  the  pump  compartment  of  the  reactor  where  the  te¬ 
mperature  was  maintained  constant. 

A  typical  chromatogram  required  a  total  elution  time  of 
about  five  minutes.  The  carrier  gas  flowrate  was  measured 
with  a  soap  bubblemeter.  Spot  checks  indicated  that  the  car¬ 
rier  gas  flow  rate  through  the  columns  remained  constant  for 
the  given  constant  regulated  supply  pressure.  The  same  co¬ 
lumn  was  used  throughout  the  study  since  it  did  not  show  any 
sign  of  degradation. 

Short  term  (i.e.  overnight)  shutdowns  of  the  G.C.  sys¬ 
tem  involved  a  reduction  of  the  helium  supply  pressure  to 
about  20  psig.  The  detector  temperature  controller  remained 
set  at  200°C  with  the  sensitivity  (bridge  current)  switch 
off  and  all  other  temperature  controllers  turned  on.  Ini¬ 
tially,  during  the  start-up  period  of  the  G.C.  in 
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preparation  for  a  run,  the  detector  output  stabilized  two 
hours  after  the  bridge  current  was  switched  at  5.  This  time 
could  be  halved  when  the  switch  was  first  set  at  6  for  half 
an  hour  before  being  brought  back  to  5. 

5.4.2  Calibration  with  gas  samples 

Some  discussion  of  the  difficulties  attached  to  this 
routine  operation  are  worthwhile.  The  basic  principle  in¬ 
volves  that  for  a  given  injection  of  a  mu  1 1 i -component  mix¬ 
ture,  the  peak  area  of  a  particular  compound,  wi 1 1  be  propor¬ 
tional  to  the  product  of  its  characteristic  thermal  response 
by  its  molar  fraction  (see  5.1): 

At  =  C.  xj^.  (5.01) 

Generally,  the  value  of  R  is  not  very  sensitive  to  composi¬ 
tion  and  can  be  assumed  to  remain  constant  over  the  range  of 
concentration  used  in  the  kinetic  studies.  The  response  fa¬ 
ctors  of  the  various  compounds  of  interest  are  usually  taken 
relative  to  a  reference  compound,  which  in  the  kinetics  ex¬ 
periments  was  invariably  chosen  to  be  inert  diluent,  nitro¬ 
gen  in  this  work.  The  response  factor  of  the  diluent  is  ar¬ 
bitrarily  fixed  at  1  so  that  for  each  injection  the  response 
factor  of  compound  i  is  given  by  (5.02): 


Ri  =  )  .  (  x  /  x  £ ) 


(5.02) 
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It  is  then  straightforward  to  obtain  directly  the  corre¬ 
sponding  relative  response  factors,  by  injecting  binary  mix¬ 
tures  of  Known  composition  of  the  reference  compound  and  one 
of  the  other  substances.  This  approach  can  be  easily  imple¬ 
mented  in  the  case  where  all  the  compounds  are  liquids  since 
synthetic  mixtures  of  great  accuracy  are  prepared  by  the 
weight  method.  When  all  the  compounds  are  gases,  gas  syn¬ 
thetic  mixtures  can  in  principle  be  prepared  Although  with 
greater  difficulty  (152).  In  this  study  the  presence  of  ga¬ 
seous  compounds  (nitrogen,  propylene)  as  well  as  liquids  ( i - 
sopropanol ,  water)  renders  the  previous  method  more  tedious 
because  of  the  associated  vaporization  and  condensation  pro¬ 
cesses.  Furthermore,  as  already  reported  (108),  liquid  phase 
response  factors  sometimes  differ  from  the  values  obtained 
with  vapour  phase  samples  and  consequently  much  danger  ex¬ 
ists  in  adopting  calibration  procedures  (no  matter  how  ac¬ 
curate  they  might  be)  which  are  not  performed  under  condi¬ 
tions  similar  to  the  routine  analyses  gathered  in  the  subse¬ 
quent  kinetic  experiments.  These  common  difficulties  make 
the  use  of  response  factors  tabulated  in  the  literature 
somewhat  arbitrary  and  it  seemed  preferable  to  determine 
their  appropiate  values  when  undertaking  this  study.  A 
simple  alternate  approach  to  the  calibration  of  response  fa¬ 
ctors  can  be  based  on  the  assumption  that  at  each  injection 
the  number  of  moles  introduced  in  the  gas  chromatograph  is 
always  constant.  Applying  the  ideal  gas  law,  the  total 


number  of  moles  injected  using  a  sample  loop  of  volume  V  is 
almost  constant. 

During  our  analyses,  repeated  injections  of  samples  of  fixed 
composition  had  a  repeatability  better  than  2%  for  all  the 
integrated  areas.  Accordingly,  the  error  introduced  by  as¬ 
suming  each  of  P,  T  and  V  (sample  size)  to  be  constant  is 
less  than  2%.  This  constitutes  a  minor  source  of  error  since 
frequently  the  response  factors  calculated  by  the  more  con¬ 
ventional  synthetic  mixture  approach  display  fluctuations  of 
5/0  (108).  The  assumption  that  the  number  of  moles  introduced 
at  each  injection  remains  constant  also  means  that  the  pro¬ 
portionality  constant  C  in  equation  (5.1)  remains  the  same 
between  measurements.  The  response  factors  of  water,  alcohol 
and  propylene  relative  to  nitrogen  can  be  obtained  in  a 
straightforward  way  which  is  illustrated  for  the  case  of 
propylene . 

First,  the  system  was  maintained  at  steady  temperature 
and  pressure  while  a  constant  flow  of  nitrogen  (using  the 
Matheson  flow  controller)  was  passed  through  the  system  and 
analyzed  by  G.C.  at  the  outlet  of  the  system  via  the  sampl¬ 
ing  loop.  The  result  is  summarized  below: 

A°*  =  C-XN  =  C  (5.03) 

A^  =  C-Xp.Rp  =0  (5.04) 


Propylene  was  then  added  to  the  feed  mixture  at  a  constant 
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flow  rate.  After  a  few  minutes  had  elapsed,  the  composition 
at  the  system  outlet  was  at  steady  state  and  the  peak  areas 

from  success i ve  injections  were  recorded.  The  results  can  be 
wr i t  ten : 


Aw  =  A&  •  xn,  (5.05) 

AP  “  An ■ ^  ~  xn ) ■ R*p  (5.06) 

By  eliminating  the  molar  fraction  x  between  the  two  equa¬ 
tions  we  obtain  an  equation  relating  the  peak  areas  of  the 
two  components: 


A  “  An  ~  ( Af /Rf )  (5.07) 

The  procedure  was  repeated  for  a  wide  range  of  binary  compo¬ 
sitions.  In  fact,  equation  (5.6)  should  always  remain  valid, 
irrespective  of  whether  the  composition  of  the  mixture  was 
constant  or  not.  This  final  equation  enables  rapid  estima¬ 
tion  of  the  relative  response  factors.  This  method  relies  on 
the  unique  assumption  that  the  same  molar  quantity  is  intro¬ 
duced  at  each  injection.  We  have  seen  above  and  verified 
that  this  constitutes  a  reasonable  approximation  since  the 
sample  volume,  and  the  temperature  and  pressure  of  the 
sampling  valve  did  not  change 

Plots  of  nitrogen  peak  areas  versus  peak  areas  of  pro¬ 
pylene,  isopropanol  and  water,  respectively,  are  shown  in 
Figures  5-2  to  5-4.  Tables  5-2  to  5-4  indicate  the  results 
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Figure  5.2  G.C.  Calibration  Plot  of  Propylene 
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Figure  5.3  G.C.  Calibration  Plot  of  Water 
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Figure  5.4  G.C.  Calibration  Plot  of  Isoproppanol 
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Table  5.2  Least  Squares  Fitting  of  G.C.  Calibration  Data  for 

Isopropanol 


Measured  Alcohol 
Peak  Area  AA 


Measured  Nitrogen 
Peak  Area  AN 


Calculated  Nitrogen 
Peak  Area 


16520 

32300 

32402 

13050 

34610 

34437 

9650 

36290 

36430 

7010 

38110 

37978 

4970 

39200 

39174 

3480 

40040 

40048 

1855 

40980 

41000 

1085 

41440 

41552 

570 

41750 

41860 

The  coefficients 

of  the  straight 

1  i  ne 

are 

a  =  1.71  ± 

0.0385 

b  =  42088  ± 

110 

Relative  Response 

Factor :  1.71 

(2.0 

in  1 i terature ) 

■ 
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Table  5.3  Least  Squares  Fitting  of  G.C. 

Propylene 

Calibration  Data  for 

Measured  Propylene 
Peak  Area  AP 

Measured  Nitrogen 
Peak  Area  AN 

Calculated  Nitrogen 
Peak  Area 

16150 

31600 

31707 

13080 

33470 

33687 

9550 

36650 

35943 

6900 

37600 

37644 

5230 

38400 

38715 

3100 

40020 

40082 

2240 

40050 

40634 

1160 

41250 

41328 

680 

41830 

41636 

The  coefficients  of 

the  straight  line  are 

a  =  1 . 56  ±  0 . 09 


b  =  42072  ±  340 
Relative  Response  Factor: 


1.56  (1.55  in  literature) 


•  •  v  • 
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fitted  by  the  least  squares  method  for  the  same  data.  It  is 
evident  that  at  low  concentrations  of  either  propylene,  al¬ 
cohol  or  water,  the  relative  variations  of  the  peak  areas  of 
nitrogen  became  very  small  since  then  x  remains  practically 
constant.  In  order  to  overcome  this  problem  at  the  lower 
concentrations,  it  was  necessary  to  average  as  many  as  fi¬ 
fteen  successive  injections  before  obtaining  a  representa¬ 
tive  accurate  value  of  the  otherwise  insensitive  integrated 
area  of  nitrogen  peak.  Fairly  good  straight  lines  were  ob¬ 
tained  indicating  that  the  response  factors  did  not  change 
appreciably  over  the  range  of  concentrations  investigated. 
On  the  other  hand  in  Table  5-5  we  observed  significant  de¬ 
viations  between  the  experimental  values  and  the  literature 
values  of  the  response  factors  for  the  cases  of  water  and 
isopropanol.  These  discrepancies  point  to  the  necessity  of 
doing  these  calibrations  to  obtain  reliable  values  for  the 
one  fixed  mode  of  operation. 


5.5  Data  Evaluation 

This  section  explains  the  procedure  by  which  the  reac¬ 
tion  rates  were  derived  from  the  experimental  measurements. 
The  infrared  cell  reci rcu 1  at i on  reactor  was  employed  to  gen¬ 
erate  experimental  values  of  the  reaction  rate.  In  the  re¬ 
circulation  loop,  the  recycled  flow  rate  was  between  20  and 
25  1/mn  when  the  pump  was  operated  at  1725  rpm.  The  volume 
of  the  entire  loop  was  estimated  to  be  near  to  600  cc  and 
the  total  feed  volumetric  flow  rate  was  always  below  500 
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Table  5.4  Least  Squares  Fitting  of  G.C.  Calibration  Data  for 

Water 


Measured  Water 
Peak  Area  AW 

Measured  Nitrogen 
Peak  Area  AN 

Calculated  Nitrogen 
Peak  Area 

7050 

31125 

31125 

5760 

33100 

33154 

4110 

36020 

35749 

2670 

37800 

38013 

1550 

39550 

39774 

740 

41030 

41048 

The  coefficients  of  the  straight  line  are 
a  =  0.636  ±  0.028 
b  =  42212  ±  276 

Relative  Response  Factor:  0.64  (0.78  in  literature) 
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cc/mn  (at  normal  conditions  of  T  and  P).  Consequently,  the 
recycle  ratio  was  always  greater  than  40  throughout  the 
Kinetic  runs  enabling  low  conversions  per  pass  and  treatment 
of  the  loop  as  being  mathematically  equivalent  to  a 
well-stirred  flow  reactor.  The  great  advantage  from  use  of 
this  reactor  model  is  the  direct  evaluation  of  the  reaction 

rates  from  the  material  balance  for  the  alcohol  reactant 
(5.08) : 


r  =  F  .  X  /  W 


(5.08) 


5.5.1  Determination  of  fractional  conversions 

Different  alternatives  are  available  for  calculating 
the  fractional  conversion.  The  usual  method  consists  of  mea¬ 
suring  the  molar  fractions  of  the  reactant  in  the  feed  and 
exit  streams  and  correcting  these  for  the  change  in  total 
molar  flow  rate  due  to  the  stochiometry  of  the  reaction.  The 
conversion  X  is  then  given  by  (5.09)  where  the  subscripts 
represent  the  inlet  and  exit  conditions: 

X  =  (F  .x  -F  .x  )/  F  .x  (5.09) 


This  method  was  not  adopted  in  our  work  because  of  the 
rapid  fluctuations  occurring  in  the  feed  composition.  Much 
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time  and  effort  was  spent  to  elucidate  the  nature  and  impli¬ 
cations  of  this  phenomenon.  Initially  the  vaporization  and 
reactan i  infusion  systems  were  modified  several  times  in 
order  to  improve  this  behaviour.  In  its  final  configuration 
(as  described  in  the  previous  chapter)  the  composition  flu¬ 
ctuations  of  the  feed  were  decreased  because  of  the  short 
residence  times  of  liquid  alcohol  in  the  heated  lines  (use 
of  very  thin  needles)  and  in  the  vaporization  chamber  which 
was  packed  with  glass  wool  and  equipped  with  an  independent 
heater.  However  even  in  that  case,  the  relative  magnitude  of 
the  deviations  in  alcohol  composition  in  the  feed  stream  at 
a  constant  setting  of  the  syringe  pump  could  still  be  as 
high  as  30%  as  indicated  on  the  chromatograms .  At  this  stage 
it  was  difficult  to  decide  whether  these  fluctuations  ori¬ 
ginated  from  the  imperfections  in  the  syringe  feeder  or  dur¬ 
ing  the  vaporization  process  of  the  alcohol.  In  any  case,  in 
practice  one  would  have  to  take  the  average  of  numerous  suc¬ 
cessive  analyses  of  the  feed  stream  before  obtaining  an  ac¬ 
curate  value  of  Xo  in  equation  (5.8).  This  procedure  was 
judged  undesirable  in  consideration  of  the  extensive  repeti¬ 
tive  labor  involved  and,  more  important,  because  of  the  pos¬ 
sible  longer-term  systematic  trends  in  the  average  feed  com¬ 
position,  which  may  occur  between  the  times  of  analysis  of 
the  feed  and  product  streams. 

These  uncertainties  led  to  the  use  of  an  alternate 
feeding  technique  i ncorporat i ng  the  use  of  a  thermostat  ted 
saturating  device.  The  carefully  metered  nitrogen  diluent 
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bubbled  through  a  series  of  two  packed  beds  filled  with  iso¬ 
propanol.  Although  the  rapid  feed  fluctuations  almost  disap¬ 
peared  other  impracticabilities  became  evident.  First,  the 
range  of  compositions  attainable  was  limited  by  the  high  vo¬ 
latility  of  isopropanol.  Secondly,  the  time  required  to  re¬ 
ach  a  constant  bath  temperature  (about  one  hour)  was  much 
longer  that  the  instantaneous  change  of  the  dial  setting  of 
the  syringe  pump.  Finally  the  saturating  devices  are  not 
suited  to  the  injection  of  various  liquids  in  the  same  feed 
( i . e .  mi xed  feed  of  wa ter  and  a  1  coho  1 ) .  After  cons i der a t i on 
of  these  disadvantages,  the  decision  was  made  to  return  to 
the  use  of  the  syringe  pumps  as  initially  planned. 

To  use  the  syringe  pumps,  another  method  to  calculate 
the  values  of  the  fractional  conversion  had  to  be  imple¬ 
mented.  During  a  series  of  tests  made  without  catalyst  in 
the  reactor,  we  noticed  that  the  large  fluctuations  in  alco¬ 
hol  composition  in  the  feed  stream  were  considerably  da¬ 
mpened  by  the  large  volume  of  the  reactor  loop  which  acts  as 
a  noise  filter  towards  the  rapid  erratic  feed  disturbances. 
On  the  other  hand,  accurate  values  of  the  relative  response 
factors  of  the  various  compounds  of  interest  have  been  esta¬ 
blished  experimentally  in  the  previous  section.  It  is  then 
possible  from  the  chromatogram  of  the  exit  stream  and  from 
the  stoichiometry  of  the  dehydration  reaction  to  derive  the 
following  expression: 


A.R/A.R  =x/x  =  X/ (1  -  X ) 


(5.10) 


.  ..... 
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The  value  of  X  can  then  be  simply  extracted  from  the  Known 
or  measured  quantities  of  AA,  AP , RA  and  RP.  To  ascertain  the 
accuracy  and  consistency  of  the  fractional  conversions  thus 
obtained,  we  did  some  runs  with  the  saturator.  Since  in  this 
case  the  feed  fluctuations  were  negligible,  the  values  of 
the  fractional  conversions  obtained  by  the  two  independent 
methods  just  outlined  could  be  compared  directly.  The  rela¬ 
tive  percentage  deviations  between  the  two  values  of  X  ob¬ 
tained  for  the  same  run  were  always  within  2%  and  conse¬ 
quently  in  principle  it  does  not  matter  which  of  the  two  me¬ 
thods  is  used  by  the  experimenter  provided  their  results  are 
comparable.  However  we  showed  before  that  the  first  method 
could  not  be  applied  when  using  a  syringe  pump  because  of 
the  induced  fluctuations  in  the  feed  composition.  In  con¬ 
trast,  because  of  the  dampening  of  the  rapid  feed  fluctua¬ 
tions  within  the  large  volume  of  the  reactor,  the  method 
cor respond i ng  to  equation  (5.10)  becomes  appropriate  for  the 
recycle  reactor.  In  these  conditions,  the  use  of  the  syringe 
pumps  can  be  maintained  and  this  possibility  may  be  one  im¬ 
portant  practical  advantage  of  using  recycle  reactors  in 
general.  A  single-pass  differential  reactor  would  necessit¬ 
ate  the  use  of  a  liquid  saturator  to  maintain  sufficiently 
stable  compositions  of  the  gas  phase  in  the  reaction  zone 
since  in  that  case  the  feed  fluctuations  would  be  fully 
transmitted  to  the  reaction  mixture. 
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5.5.2  Determination  of  reactant  feed  flow  rate 

In  addition  to  the  acquisition  of  the  fractional  con¬ 
versions,  the  values  of  the  reactant  molar  feed  rates  F  in 
equation  (5.7)  were  estimated  before  determining  the  specif¬ 
ic  rates  of  reaction.  Again,  this  seemingly  simple  matter 
was  not  so  straightforward  as  expected.  We  originally  in¬ 
tended  to  follow  a  standard  procedure  used  by  other  workers 
which  consists  of  determining  the  calibration  curves  for  the 
various  pump  feeders  and  syringe  combinations  employed.  Di¬ 
stilled  water  was  used  as  the  calibration  fluid  and  the  pro¬ 
cedure  and  results  are  described  in  more  detail  in  Appendix 
B.  The  consistency  of  the  calibration  points  could  be 
checked  in  different  ways.  In  principle,  the  ratios  of  the 
delivered  flow  rates  for  the  same  50  cc  syringe  at  the  same 
settings  of  the  two  syringe  pumps  should  be  constant.  This 
is  shown  in  Table  5-6;  the  infusion  rates  differed  by  about 
3.5  per  cent  with  an  error  less  than  half  a  per  cent. 
Similarly  the  delivered  flow  rate  ratios  were  compared  at 
the  same  settings  of  one  syringe  pump  but  for  the  50  cc  and 
20  cc  syringes,  the  results  in  Table  5-7  indicate  that  the 
flow  rates  differed  by  an  average  factor  of  2.075  with  de¬ 
viations  less  than  3/4  per  cent.  These  tests  confirm  that 
the  evaporation  losses  of  water  was  minimal  during  all  the 
calibration  points. 

The  results  obtained  for  the  calibration  of  the  20  cc 
syringe  will  be  analysed  in  more  detail.  The  duration  of 
each  calibration  point  was  always  between  80  and  120 
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Table  5.5  Comparison  of  the  Two  Syringe  Pumps 


Setting 

Ratio 


30/1000 

1.038 


50/1000 

1.033 


70/1000 

1.039 


80/1000 
1  .040 
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Table  5.6  Comparison  of  the  50  and  20  CC  Syringes 


Setting 

Flow  rate  ratio 
50cc/20cc 

30/1000 

2.08 

40/1000 

2.066 

50/1000 

2.061 

60/1000 

2.081 

70/1000 

2.088 

80/1000 

2.089 

90/1000 

2.064 
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minutes.  Each  piston  speed  was  calibrated  three  times  in 
such  a  way  that  the  whole  range  of  the  piston  travel  (about 
12  cm)  was  covered.  The  average  value  of  the  three  indepen¬ 
dent  runs  at  each  speed  was  used  for  the  final  calibration 
values.  On  the  lowest  speed  range  (1/IOOOx),  seven  average 
data  points  were  collected.  The  linearity  of  the  dial  set¬ 
tings  could  be  checked  by  comparing  the  exact  dial  setting 
ratios  with  the  delivered  flow  ratios  at  the  seven  different 
settings.  The  deviations  from  linearity  in  Table  5-8  are 
very  small  (less  than  2  per  cent)  and  could  certainly  be  re¬ 
duced  to  less  than  one  per  cent  by  fitting  the  data  by  the 
least  squares  method.  These  results  are  in  agreement  with 
the  specifications  of  the  manufacturer  and  the  results  ob¬ 
tained  by  other  workers  (108,152)  who  employed  the  same 
feeding  technique.  However,  when  one  looks  more  closely  at 
the  individual  calibration  runs  (Appendix  B),  it  can  be  seen 
that  the  repeatability  of  the  results  at  the  same  speed  set¬ 
ting  was  not  as  good.  More  precisely,  deviations  of  up  to  5 
percent  between  the  individual  runs  were  observed  and  which 
were  not  necessarily  caused  by  the  changing  positions  of  the 
syringe  piston.  Recalling  the  fact  that  the  value  of  each 
run  corresponds  to  an  average  value  over  an  experiment  dura¬ 
tion  of  1.5  hours,  it  can  be  argued  that  if  one  could  have 
recorded  the  continuous  instantaneous  flow  rates  during  that 
time  interval,  substantially  larger  fluctuations  would  have 
appeared  from  time  to  time  which  were  averaged  out  over  the 
1.5  hours  duration  of  each  run.  Voltage  fluctuations  and 
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Table  5.7 

Linearity  of  the  Syringe 

Dial  Settings 

Setting 

Dial  Ratios 

Flow  Rate  Ratios 

30/1000 

1 

1 

40/1000 

1.333 

1  .33 

50/1000 

1.666 

1.685 

60/1000 

2 

2.011 

70/1000 

2.333 

2.335 

80/1000 

2.666 

2.695 

90/1000 

3.0 

3.06 

- .  *  -  *  •  “  •*  1 
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more  likely  some  mechanical  slipping  in  the  gearing  mechan¬ 
ism  of  the  syringe  pump  might  be  the  sources  of  these  imper¬ 
fections.  They  are  difficult  to  check  directly  but  several 
experimental  observations  in  this  study  seem  to  favour  this 
interpretation . 

Before  gathering  accurate  Kinetic  data,  various  series 
of  experiments  were  performed  to  check  the  stability  of  the 
steady  state  in  the  reactor  system,  without  catalyst  in  the 
reactor.  The  flow  rate  of  diluent  nitrogen  was  monitored  at 
a  constant  level  by  means  of  the  Matheson  pneumatic  flow 
controller  described  in  the  previous  chapter  and  the  dial 
setting  of  the  alcohol  syringe  pump  was  fixed.  In  these  con¬ 
ditions  it  was  possible,  by  placing  the  reference  cell  in 
the  sample  beam  of  the  infrared  compartment  and  by  monitor¬ 
ing  the  peak  absorbance  of  an  appropriate  band  of  alcohol, 
to  record  continuously  the  trends  in  the  composition  of  the 
mixture  in  the  reactor  loop.  The  transmittance  at  the  maxi¬ 
mum  of  the  infrared  peak  was  recorded  on  a  paper  chart  at 
appropriate  speeds  for  periods  of  up  to  one  hour.  From  time 
to  time,  a  G.C.  analysis  of  the  mixture  exiting  the  reactor 
was  obtained  to  verify  whether  at  the  same  instant  the 
trends  in  composition  measured  by  the  two  independent  me¬ 
thods  were  comparable.  The  trends  patterns  were  found  to  be 
identical  thereby  proving  that  the  composition  of  the  gas 
leaving  the  system  was  identical  to  the  one  of  the  recircu¬ 
lated  gases  inside  the  reactor  loop.  The  main  advantage  of 
the  infrared  analysis  was  to  provide  a  continuous  visual 
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display  of  the  changes  occurring  in  the  system. 

Initially,  when  a  straight  1/8  inch  O.D.  liquid  feed 
line  to  the  vaporization  chamber  was  used,  systematic  sharp 
fluctuations  of  about  10%  relative  magnitude  were  repeatedly 
drawn  by  the  pen  of  the  infrared  recorder .  The  time  interval 
between  two  successive  patterns  was  between  20  and  30  se¬ 
conds  and  could  be  associated  with  the  simultaneous  pressure 
surges  in  the  vaporization  chamber.  This  parallelism  sug¬ 
gested  that  the  vaporization  was  irregular  and  submitted  to 
sudden  onsets  in  the  liquid  transfer  lines.  It  is  noteworthy 
that  the  G.C.  analysis  of  the  feed  mixture  before  it  entered 
the  reactor  were  then  completely  unreliable.  As  already  men¬ 
tioned,  the  suppression  of  these  strong  disturbances  was 
achieved  by  modifying  the  vaporization  system  configuration 
in  such  a  way  as  to  minimize  the  residence  time  of  the  li¬ 
quids  in  the  heated  lines.  The  vaporization  process  was  then 
sufficiently  stabilized  to  permit  an  adequate  dampening  in 
the  loop  volume  of  the  fluctuations  still  occurring  to  some 
extent  in  the  feed  stream.  The  drifts  in  the  recorded  alco¬ 
hol  concentrations  were  now  very  slow  indicating  that  the 
reactor  volume  was  in  permanent  quasi -steady-state .  The  re¬ 
lative  magnitude  of  the  long-term  variations  never  exceeded 
10%  of  the  average  composition  value  recorded  over  a  period 
of  one  hour  and  the  irregular  pattern  of  the  drift  was 
ascribed  to  imperfections  originating  in  the  syringe  pump  as 
suggested  before. 

The  practical  implications  of  these  direct  observations 
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are  that  a  substantial  source  of  error  can  be  introduced  in 
evaluating  Kinetic  data  when  one  is  not  careful  enough  and 
relies  too  much  on  the  calibration  points  of  the  syringe 
feeder.  The  calibration  procedure  as  already  explained  has  a 
tendency  to  show  the  syringe  pumps  to  be  the  better  instru¬ 
ments  which  they  really  are.  From  our  experience,  the  true 
values  of  the  molar  feed  rate  of  reactant  at  a  given  time 
could  differ  by  as  much  as  ±10%  from  the  average  value  ob¬ 
tained  by  converting  the  calibrated  volume  displacement  into 
moles  of  alcohol.  It  is  therefore  important  to  realize  that 
the  syringe  pump  may  deliver  a  reproducible  volume  over  a 
period  of  one  hour;  thi s , however ,  does  not  guarantee  that 
the  instantaneous  flow  rate  had  remained  unchanged  during 
that  period . 

Returning  to  the  initial  discussion  on  the  evaluation 
of  rate  data,  it  becomes  obvious  in  view  of  equation  (5.7) 
that  even  in  presence  of  very  accurate  estimations  of  the 
fractional  conversions,  erratic  values  of  the  intrinsic  rate 
data  can  still  be  obtained  when  using  the  commonly  cali¬ 
brated  values  of  liquid  feed  rates.  A  different  procedure 
was  adopted  for  evaluating  more  reliably  the  true  value  of 
the  alcohol  feed  rate  corresponding  to  each  data  point. 

During  Kinetic  runs,  the  nitrogen  carrier  gas  flow  rate 
could  be  considered  constant,  since  periodic  checKs  of  this 
process  variable  in  the  midst  of  experiments  resulted  in  re¬ 
lative  variations  of  less  than  one  per  cent.  At  steady  state 
the  G.C.  analysis  of  the  reacting  mixture  allows  the 
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determination  of  the  nitrogen/alcohol  molar  ratio  fed  to  the 
reactor.  First,  equation  (5.10)  states  that  the  ratio  of  the 
nitrogen  to  alcohol  peak  areas  corrected  by  their  relative 
thermal  response  is  equal  to  the  molar  ratio  of  the  same  two 
components  in  the  injected  sample. 


=  x*./x 


M  A 


(5.11) 


The  simple  stoichiometry  of  the  dehydration  reaction  can 
also  be  written  as. in  equation  (5.12)  where  the  molar  feed 
of  reactant  has  been  normalized. 
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At  the  exit  conditions,  which  are  also  the  conditions  pre¬ 
vailing  in  the  recycle  reactor ,  equation  (5.11)  is  then  re- 
wr i t  ten : 


WA  (5.13) 

The  only  unknown  remaining  in  this  final  form  of  the  equa¬ 
tion  is  "  "  .whose  value  can  now  be  extracted  from  the  other 
known  quantities.  The  molar  feed  rate  of  alcohol  is  then 
simply  given  by  equation  (5.14),  where  we  know  exactly 

faL  =  V* 
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the  constant  nitrogen  flow  rate,FN,  which  was  Kept  constant 
for  a  whole  series  of  runs.  The  intrinsic  reaction  rate  data 
could  then  be  directly  evaluated  using  equation  (5.7). 

For  the  correlation  of  Kinetic  models  additional  calcu¬ 
lations  for  the  determination  of  the  independent  variables 
of  the  models  (i.e.  partial  pressures  of  compounds)  were 
also  required.  An  example  showing  all  the  step-  by-step  cal¬ 
culations  of  the  reaction  rate  and  associated  partial  pres¬ 
sures  is  exhibited  in  Appendix  C.  For  convenience,  the  total 
pressure  in  the  reactor  was  Kept  constant  throughout  all  the 
experimental  runs.  For  more  accuracy  the  average  value  of  a 
series  of  three  analyses  taKen  over  a  period  of  ten  minutes 
were  used  for  the  calculation  of  each  Kinetic  run.  This  pre¬ 
caution  ensured  that,  despite  the  slight  changes  in  steady 
state  due  to  the  syringe  pump  imperfections,  a  good  repre¬ 
sentation  of  the  average  steady  state  in  the  reactor  during 
the  period  of  analysis  was  selected  for  the  final  data. 

Although  it  is  felt  that  accurate  Kinetic  data  are  pos¬ 
sible  by  using  this  method  of  calculation  and  that  rapid  and 
simple  acquisition  of  rate  data  are  possible  after  the  final 
procedure  had  been  established,  it  is  important  to  note  its 
shortcomings.  One  may  argue  that  this  procedure  has  been 
based  upon  the  perfect  matching  of  the  material  balance  ar¬ 
ound  the  reactor.  To  date  no  checK  on  this  assumption  is 
available  and  additional  comments  are  needed  to  justify  this 
apparent  weaKness. 
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To  check  the  material  balance  for  the  reactant  isopro¬ 
panol,  it  is  possible  to  compare  the  ca leu  1 ated-ni trogen- to 
alcohol  molar  ratio  fed  to  the  reactor  to  the  one  that  would 
be  normally  expected  from  the  calibrations  of  the  syringe 
feeder  and  from  the  accurately  measured  nitrogen  flow  rate. 
For  instance,  during  the  kinetic  experiments  sixteen  runs 
were  performed  at  the  same  setting  of  the  alcohol  syringe 
feeder  (90/1000).  These  16  data  points  have  in  fact  been  ga¬ 
thered  at  different  temper atures ,  some  with  the  50  cc 
syringe  others  with  the  20cc  syringe,  some  in  pure  feed  ex¬ 
periments,  others  in  mixed  feed  experiments  with  water,  and 
finally  at  various  flow  rates  of  the  nitrogen  diluent.  For 
simplicity,  the  16  calculated  values  of  "  “  have  been  stan¬ 
dardized  for  the  conditions  corresponding  to  the  use  of  the 
20  cc  syringe  and  a  constant  flow  rate  of  nitrogen  of  1.065 
gmol/h.  The  sixteen  resulting  values  of  "  "  can  then  be 

directly  compared  to  the  ideal  value  of  "  "  obtained  by  tak¬ 
ing  the  corresponding  calibrated  flow  rate  of  the  syringe  at 
the  same  setting  (see  Appendix  B)  and  at  the  same  nitrogen 
flow  rate.  This  ideal  value  of  "  "  is  35.3,  while  the  indi¬ 
vidual  16  experimental  values  vary  as  follows:  34.73,  32.94, 
39.2,  35.6,  34.3,  35.9,  36.8,  35.6,  35.95,  34.83,  34.61, 
33.48,  37.1,  33.85,  36.9,  36. 7. Their  average  value  being 

35.5.  The  main  conclusion  is  that  there  is  a  very  good  agre¬ 
ement  between  the  expected  value  from  the  calibration  of  the 
syringe  feeder  and  the  corresponding  sampled  average  value 
from  the  kinetic  data.  This  contributes  a  rather  severe  test 
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to  support  the  internal  consistency  of  our  method  of  data 
evaluation  considering  that  all  possible  sources  of  errors 
are  included  in  the  Kinetic  data.  It  is  equally  important  to 
realize  that  important  errors  would  have  been  incorporated 
in  the  Kinetic  data  if  the  same  calibrated  value  of  the  feed 
rate  of  alcohol  had  been  used  for  the  16  individual  runs. 
These  significant  experimental  errors  would  of  course  render 
the  model  fitting  and  discrimination  procedures  used  in 
Chapter  6  much  more  difficult  to  implement. 

One  could  argue  now  that  the  good  agreement  obtained  at 
the  particular  dial  setting  of  the  sixteen  data  was  fortui¬ 
tous.  For  that  reason  the  same  procedure  was  applied  to  oth¬ 
er  settings  of  the  alcohol  syringe  feeder  which  were  used 
for  the  acquisition  of  at  least  ten  Kinetic  data  points,  so 
that  a  meaningful  sampled  average  of  "  "  be  obtained  in  each 
case.  The  results,  which  prove  the  internal  consistency  of 
the  material  balance  over  a  wide  range  of  the  Kinetic  data, 
are  summarized  in  Table  5-8. 

Once  again,  considering  that  the  sampled  values  of  "  "  inco¬ 
rporate  all  the  possible  sources  of  errors  coming  from  the 
analysis  and  the  calculation  methods  used  in  the  evaluation 
of  the  Kinetic  data,  the  agreement  is  very  good. 

In  conclusion,  it  is  now  agreed  that  syringe  feeders 
can  deliver  a  constant  average  flow  rate  over  a  sufficient 
length  of  time,  but  at  any  given  time  and  for  a  period  of  a 
few  minutes  which  are  required  for  the  gathering  of  Kinetic 
data  with  our  new  reactor,  the  infusion  rate  may  differ  by 
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Table  5.8  Internal  Consistency  of  the  Alcohol  Material  Ba- 

1  ance 


Dial  Setting  of 
Syringe  Feeder 

30/100 

15/100 

90/1000 

50/1000 

30/1000 

Number  of  Runs 

10 

16 

16 

13 

15 

Sampled  Average 
of  "  " 

10.95 

23.62 

35.5 

65.0 

114.3 

Cal ibrated 
expected 
value  of  “  " 

10.83 

23.07 

35.3 

64.55 

110 

J. 

* 
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±10/o  from  its  average  rating.  These  variations  become  a  ma¬ 
jor  source  of  error  in  evaluating  rate  data  and  should  be 
taken  into  account.  Fortunately,  because  of  the  relatively 
slow  response  of  our  large  reactor  volume  and  of  it  result¬ 
ing  operation  in  permanent  quasi -steady  state  ,  we  could  in¬ 
corporate  the  syringe  pump  imperfections  directly  into  our 
calculations  and  obtain  much  more  accurate  reaction  rate 
data.  The  remarkable  agreement  obtained  in  Table  5-8  sub¬ 
stantiates  these  findings. 


5.6  Operation  Of  Equipment  And  Procedures  During  A  Run 

The  method  of  preparation  of  the  catalyst  wafer  was  de¬ 
scribed  in  section  5.1.  The  weight  of  the  catalyst  was  found 
by  weighing  the  sample  holder  with  and  without  the  wafer. 
The  wafer  in  its  holder  was  then  introduced  in  the  middle  of 
the  reactor  cell  according  to  the  method  outlined  in  section 
4.4.  Two  new  Vi  ton  o- rings  were  usually  employed  for  sealing 
the  ends  of  the  reaction  cell  while  the  same  salt  windows 
could  usually  be  used  again  for  further  experiments  after 
inspection  of  their  infrared  absorption  spectrum. 

5.6.1  Start-up  and  catalyst  pretreatment 

At  startup,  the  nitrogen  flow  was  turned  on  after  set¬ 
ting  the  regulator  pressure  at  either  30  or  60  psig.  The 
needle  valve  on  the  flow  controller  was  adjusted  to  give  the 
desired  reading  on  the  upstream  nitrogen  feed  rotameter. 
These  conditions  were  maintained  for  a  complete  series  of 
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experiments.  At  this  time,  the  possibility  of  leakage  from 
all  sections  of  the  system  was  checked.  The  incorporation  of 
various  vaives  in  key  locations  of  the  piping  greatly  faci¬ 
litated  the  rapid  determination  of  leakage  areas,  enabling 
by-passing  of  successively  different  sections  of  the  reactor 
system.  Since  the  flow  delivered  by  the  Matheson  controller 
remained  constant,  independently  of  the  downstream  pressure, 
the  flow  rate  measured  with  the  soap-bubble  meter  had  to  re¬ 
main  identical  when  passing  through  different  sections  of 
the  reactor.  Because  of  the  deter iorat ion  of  the  sealing 
surface  of  the  infrared  windows  with  time,  these  were  usual¬ 
ly  the  source  of  unexpected  leaks  and  had  then  to  be  re- 
p 1 aced . 

In  the  present  work,  the  following  finalized  pretreat¬ 
ment  procedure  was  adopted.  The  fresh  catalyst  in  position 
was  heated  at  400°C  in  a  continuous  stream  of  nitrogen.  At 
that  time  one  usually  noticed  the  appearance  of  localized 
dark  points  on  the  pellet  surface,  probably  due  to  the  re¬ 
duction  to  carbon  of  tiny  pieces  of  paper  which  had  adhered 
to  the  catalyst  during  the  pelletizing  process.  The  combus¬ 
tion  of  this  carbon  was  carried  out  by  switching  off  the  ni¬ 
trogen  flow  and  replacing  it  with  pure  oxygen  flow  during 
overnight  at  400°C.  The  pellet  surface  became  spotless  white 
after  that  treatment.  The  next  morning  the  oxygen  flow  was 
again  replaced  by  the  nitrogen  flow  before  cooling  the  rea¬ 
ctor  to  the  maximum  reaction  temperature  of  274°C.  The  re¬ 
circulation  pump  was  then  turned  on  at  its  normal  operating 
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speed  of  1725  rpm.  Before  admission  of  the  reactant,  the  ba¬ 
seline  spectrum  of  the  wafer  was  acquired  to  duplicate  a  ba¬ 
seline  spectrum  obtained  in  other  studies,  with  its  distinct 
characteristic  OH  stretching  absorption  bands.  The  presence 
of  other  infrared  bands  indicating  the  contamination  of  the 
catalyst  by  some  remaining  surface  organic  species  was  not 
detected  in  the  spectrum.  The  alcohol  feeder  was  turned  on 
and  the  reactant  started  to  pass  through  the  vaporizer  and 
into  the  reaction  system.  The  system  was  maintained  in  these 
reaction  conditions  for  the  rest  of  the  day,  allowing  the 
catalyst  to  stabilize  to  a  constant  activity  level.  The  ini¬ 
tial  deactivation  was  accompanied  by  the  formation  of  car- 
boxylate  species  on  the  catalyst  surface  as  evidenced  by  the 
simultaneous  growth  of  absorption  bands  at  1570  and  1470 
cm'1.  This  surface  process  will  be  discussed  more  thoroughly 
in  the  next  chapter.  We  are  concerned  here  with  the  final 
pretreatment  procedure  that  was  selected  for  the  obtention 
of  reproducible  Kinetic  data.  Before  the  second  overnight 
period,  the  alcohol  feed  was  shut  off  so  that  the  residual 
reactant  and  products  could  be  flushed  out  of  the  system 
during  the  cooling  of  the  infrared  compartment  down  to  about 
1 00°C .  Once  the  set  point  of  the  Honeywell  controller  had 
been  lowered  and  the  secondary  heaters  turned  off  the  cool¬ 
ing  required  forty  minutes  and  was  slow  enough  to  prevent 
the  cracking  of  the  NaCl  infrared  cell  windows.  The  recircu¬ 
lation  blower  remained  in  operation  until  the  reactor  sec¬ 
tion  was  at  100°C  before  being  stopped. This  avoided 
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unnecessary  use  of  the  pump  and  shortening  of  its  life.  The 
differential  catalytic  bed  was  maintained  in  a  continuous 
stream  of  nitrogen  overnight  at  100°C.  It  should  be  men¬ 
tioned  that  during  all  these  procedures  the  pump  oven  te¬ 
mperature  was  Kept  constant  since  it  required  four  hours  to 
reach  a  steady  state  operation  condition.  The  alumina  pellet 
was  then  considered  to  be  in  a  standard  activated  state  and 
ready  to  be  used  for  many  days  of  operation  without  notic- 
able  degradation  of  its  activity  as  long  as  the  conditioning 
temperature  of  280°C  was  not  exceeded. 

In  the  early  stages  of  this  study,  it  was  found  that 
leaving  the  catalyst  during  the  overnight  shutdown  at  a  te¬ 
mperature  close  to  operating  conditions,  caused  some  addi¬ 
tional  decrease  in  activity.  A  progressive  build-up  of  car- 
boxy late  species  on  the  surface  of  the  wafer  and  also  a  dar¬ 
kening  (probably  some  coke  formation)  of  the  pellet  color- 
were  observed.  It  became  impossible  to  obtain  kinetic  data 
at  a  constant  activity  level  between  dayto-day  operations. 
This  behaviour  is  difficult  to  explain  since  on  the  other 
hand  during  a  normal  daily  operation  at  reaction  conditions 
no  noticable  change  in  catalytic  performance  was  observed. 
It  can  be  postulated  that  traces  of  organic  materials  pre¬ 
sent  in  the  system  are  responsible  for  the  overnight  degra¬ 
dation  in  activity  but  this  seems  to  be  contradicted  by  the 
fact  that  during  kinetic  runs  at  higher  concentrations  the 
deactivation  process  was  no  longer  effective.  Although  not 
quite  understandable  the  fact  is  that  the  catalyst  in  use 
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was  more  stable  than  the  catalyst  at  rest.  In  presence  of 
traces  of  hydrocarbons,  the  deactivation  process  seems  to  be 
favoured  at  lower  temperatures  and  consequently,  we  had  to 
cool  the  catalyst  overnight  down  to  100°C  as  mentioned  be¬ 
fore  where  the  same  process  seems  to  be  negligibly  acti¬ 
vated  . 

5.6.2  Steady  state  operation  during  kinetic  runs 

Each  morning,  the  first  step  consisted  of  turning  the 
pump  on  and  checking  that  no  leaks  had  developed  in  the  sys¬ 
tem.  At  the  same  time,  the  bridge  current  of  the  G.C.  therm¬ 
al  conductivity  detector  was  switched  on  because  it  took 
about  an  hour  before  reaching  a  stable  condition  without 
drifting  of  the  baseline.  The  strap  heaters,  connected  to 
the  Honeywell  controller,  were  then  used  to  heat  the  in¬ 
frared  compartment  in  successive  steps  of  30°C.  This  pro¬ 
gressive  increase  in  heat  supply  was  intended  to  avoid  the 
cracking  of  the  infrared  windows  that  could  result  from  a 
too  sudden  thermal  expansion.  The  recirculation  fan  was  also 
in  operation  during  this  time.  As  soon  as  the  controller  had 
reached  its  final  setting,  the  heating  loads  to  the  auxi¬ 
liary  heaters  (packed  bed  preheater,  window  heaters)  were 
adjusted  with  their  respective  variacs.  After  some  stabili¬ 
zation  period  and  fine  adjusting  of  the  heat  supplies,  the 
temperatures  T2  and  T3  matched  the  desired  reaction  tempera¬ 
ture  while  the  T1  reading  was  maintained  about  5°C  below  as 
established  in  Chapter  3.  About  one-and-a-ha 1 f  hours  had 
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elapsed  since  the  start.  A  baseline  spectrum  of  the  catalyst 
in  pure  nitrogen  was  recorded  for  comparison  with  the  one  of 
the  previous  day. 

The  reactant  feed  rate  was  then  adjusted  on  the  syringe 
pump  control  dials  and  because  of  the  consecutive  change  in 
the  thermal  properties  of  the  reci rculating  mixture,  some 
minor  tuning  of  the  auxiliary  Variacs  was  done,  as  required, 
to  Keep  the  same  temperature  readings  inside  the  reactor . 
When  taking  Kinetic  data  the  reaction  cell  was  removed  from 
the  infrared  beam,  for  the  reason  that  some  internal  heating 
of  the  catalyst  resulted  from  absorption  of  energy  from  the 
radiating  beam  and  this  increased  slightly  the  activity  of 
the  wafer.  From  the  activation  energy  of  the  reaction,  the 
change  in  the  true  temperature  of  the  wafer  was  estimated  to 
be  of  the  order  of  1  to  2°C  and  it  is  preferable  to  operate 
without  that  additional  source  of  error.  The  total  pressure 
in  the  reactor  loop  which  was  measured  immediately  do¬ 
wnstream  of  the  wafer  was  readjusted  now  and  then  to  its 
permanent  value  particularly  when  the  flow  conditions  to  the 
reactor  were  modified. 

To  determine  attainment  of  steady-state,  a  number  of 
sequential  gas  chromatographic  analyses  were  taken  until  the 
usual  variations  of  the  recorded  peaks  were  minimal.  The 
most  sensitive  peak  between  injections  was  always  the  one 
corresponding  to  isopropanol  because  of  the  syringe  feeder 
imperfections  mentioned  in  the  previous  section.  In  compari¬ 
son,  the  propylene  and  water  peaks  were  not  affected  by  the 
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reactant  fluctuations  because  of  the  usually  fractional  or 
almost  zero  order  of  the  reaction  with  alcohol  concentra¬ 
tion.  The  average  of  three  successive  injections  where  the 
relative  variations  of  the  alcohol  peak  areas  had  been  less 
than  five  per  cent  was  taken  as  representat i ve  of  a  stable 
steady-state  in  the  system. 

In  the  process  of  continuous  kinetic  runs,  about  30 
minutes  should  be  allowed  to  elapse,  starting  from  the  time 
the  reaction  temperature  was  changed  to  where  another  new 
steady  state  condition  was  obtained.  For  feed-  rate  changes, 
up  to  20  minutes  were  required,  depending  on  the  throughput 
in  the  system  before  a  new  data  point  was  taken. 
Steady  state  spectra  of  the  catalyst  in  different  working 
conditions  could  be  recorded  at  any  time. 

At  the  end  of  the  day,  the  system  was  returned  into  the 
standard  overnight  shutdown  conditions  described  in  the  pre¬ 
vious  sub-section.  The  motors  of  the  spectrometer  were 
switched  off  and  the  source  intensity  of  the  Nernst  glower 
reduced  to  a  minimum  to  prevent  its  constant  overheating.  On 
the  gas  chromatograph,  the  carrier  gas  helium  flow  rate  was 
reduced  and  the  bridge  current  powered  off. 

5.6.3  Limitations  of  the  technique 

To  complete  this  section,  it  is  important  from  a  pract¬ 
ical  point  of  view  to  assess  the  range  of  experimental  con¬ 
ditions  over  which  reliable  surface  spectra  could  be  ob¬ 
tained  during  the  dehydration  of  2-propanol.  It  is 
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unfortunate  that  the  most  intense  infrared  bands  of  adsorbed 
species  (i.e.,  C-H  stetching  bands)  are  located  in  the  same 
region  of  the  infrared  spectrum  as  the  most  intense  bands  of 
the  associated  gaseous  2-propanol  molecules.  Because  of  the 
considerations  involved  in  the  design  of  the  cell,  accurate 
control  for  the  compensation  of  the  gas  phase  absorbance  was 
possible.  However,  when  the  gas  phase  concentration  is  suf¬ 
ficiently  high  to  reduce  the  reference  beam  transmittance  to 
roughly  less  than  3%  of  the  incident  energy,  the  lack  of 
transmitted  energy  in  both  beams  necessitates  a  widening  of 
the  slit  opening,  which  in  turn  induces  a  drastic  decrease 
in  band  resolution.  It  then  becomes  impossible  to  record  ac¬ 
curately  the  difference  in  energy  transmitted  between  the 
reference  beam  and  the  sample  beam.  In  this  study,  the  co¬ 
verage  of  the  catalyst  as  indicated  by  the  C-H  stretching 
absorption  bands  of  the  adsorbed  alcohol  could  be  recorded 
satisfactorily  up  to  molar  fractions  of  alcohol  of  about  8% 
in  the  gas  mixture.  The  reactor  loop  was  always  maintained 
at  a  total  pressure  just  above  atmospheric  pressure. 

This  limitati on  i n  band  resoluti on  will  a  1 ways  be  pre¬ 
sent  to  some  degree  in  other  applications  of  the  technique 
utilized  in  this  work,  but  its  negative  effects  could  be  di¬ 
minished  in  the  following  three  ways: 

1.  use  of  shorter  cell  lengths ;  although  feasible  it  is  an¬ 
ticipated  that  substantial  complications  in  the  design 
would  be  encountered  for  preserving  the  good  contacting 
between  the  gases  and  the  catalyst  as  well  as  the  good 
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i sotherma 1 i ty  in  the  reaction  zone; 

2.  use  of  a  higher  performance  IR  spectrophotometer ;  what 
is  recommended  is  an  instrument  with  the  highest  capabi¬ 
lity  to  Keep  proper  response  throughout  regions  of  high 
reference  beam  absorpt ion . Thi s  would  expand  the  range  of 
concentrations  where  accurate  surface  spectra  of  an 
adsorbate-adsorbent  system  can  be  gathered; 

3.  use  of  an  appropriate  adsorbate-adsorbent  system;  it  is 
obvious  that  reaction  systems  where  adsorbed  species 
display  absorption  bands  in  different  regions  from  their 
gas-phase  counterparts  are  most  propitious  to  the  imple¬ 
mentation  of  the  technique.  This  might  surface  when  only 
very  simple  molecules  are  involved,  but  in  general  with 
organic  molecules,  the  frequency  shifts  of  the  vibration 
modes  between  gaseous  and  adsorbed  molecules  are  too 
sma 1 1 . 

In  addition  to  this  problem  at  high  substrate  concentra¬ 
tions,  one  wishes  to  be  able  to  analyze  the  gas  composition 
of  the  mixture  reacting  with  the  catalyst.  The  use  of  qas 
chromatography  with  thermal  conductivity  detectors  provide 
separations  sensitive  to  molar  fractions  of  0.3%  for  most 
compounds.  From  this  and  the  preceding  discussion  it  could 
be  expected  that  the  combination  of  simultaneous  IR  spectra 
and  Kinetics  would  be  limited  to  molar  fractions  of  isopro¬ 
panol  in  the  range  0.3  to  8%.  Indeed,  within  this  range  and 
at  temperatures  where  the  rates  of  reaction  were  measurable, 
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the  relative  reactant  coverages  of  the  alumina,  deduced  from 
OH  stretching  spectral  bands,  were  sensitive  to  the  alcohol 
composition  (see  Figure  6-1). 

By  varying  the  temperature  of  reaction  in  preliminary 
experiments,  the  range  of  applicability  of  the  technique  co¬ 
uld  be  restricted  to  between  220°C  and  280°C.  Below  220°C, 
the  rate  of  reaction  is  too  slow  and  over  the  practical 
range  of  concentrations  the  catalyst  remained  saturated  with 
adsorbed  reactant.  The  coverage  was  strongly  dependent  on 
the  catalyst  temperature.  Above  280°C,  the  coverages  of  the 
catalyst  at  reactant  molar  fractions  not  exceeding  8%  was 
always  very  low,  which  limited  considerably  the  information 
additional  to  the  Kinetics  that  could  be  gathered  using  in¬ 
frared  means.  Subsequently,  all  Kinetic  data  were  taKen  in 
the  range  of  temperatures  between  220°C  and  280°C. 


V  1 

6.  RESULTS  AND  DISCUSSION 


6.1  Infrared  Spectra  Of  Alumina  Under  Reaction  Conditions 

6.1.1  General  characteristics  of  surface  spectra 

The  conditions  for  obtaining  spectra  representative  of 
the  baseline  of  the  solid  alumina  plus  absorption  bands  at¬ 
tributable  to  adsorbed  species  have  been  described  in  the 
previous  chapter s . Spectra  1  scans  were  recorded  at 
steady-state  reaction  conditions  during  which  all  experi¬ 
mental  parameters  (T,  P,  flows)  were  held  constant.  Figure 
6-1  summarizes  the  noteworthy  regions  of  the  IR  spectrum  in 
which  spectral  bands  for  the  adsorbed  species  were  inter¬ 
preted.  Discussion  of  those  regions  of  the  spectrum  not  of 
consequence  in  this  work  have  been  omitted. 

The  criterion  initially  employed  for  associating  band 
character  with  available  species  likely  involved  in  the  de¬ 
hydration  reaction  mechanism  was  to  observe  if  changes  in 
concentration  of  2-propanol  in  the  feed  also  influenced  in¬ 
tensities  of  particular  bands.  Constancy  of  the  band  inten¬ 
sity  when  the  reaction  rate  was  so  changed  presumed  indepen¬ 
dence  from  the  surface  reaction  of  interest.  This  criterion 
is  not  infallible,  e.g.  as  will  be  seen,  the  2-propanol 
adsorbs  as  a  reactant  and  although  the  intensity  of  the  2970 
cm"1  band  changes  appreciably,  the  reaction  rate  remains 
almost  constant.  However,  both  do  change  simultaneously  at 
low  surface  coverages  of  2-propanol.  Spectral  bands  asso¬ 
ciated  with  spurious  adsorbed  species  (using  the  above 
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Figure  6.1  Infrared  Spectra  of  Alumina  Under  Reaction  Condi¬ 
tions 


A:  Baseline  without  alcohol 

Catalyst  Weight  =  0.1 51  g  B:  Alcohol  Partial  Pressure  =  2.1  cmHg 

Temperature  =  245.1  °C  C:  Alcohol  Partial  Pressure  =  3.2  qmHg 

D:  2-Propano!  (gas  phase) 
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criterion)  were  examined  to  determine  if  they  independently 

influenced  the  reaction  rate. 

Returning  to  Figure  6-1,  one  notes: 

1.  the  surface  hydroxyl  groups  (3600-3800  cnr  1 )  associated 
with  the  alumina  surface  progressively  disappear  with 
increasing  2-propanol  concentration.  This  suggests  that 
the  hydroxyl  site  may  indeed  be  a  surface  reaction  site 
via  some  form  of  hydrogen  bonding; 

2.  The  stretching  vibrations  of  the  methyl  groups  in 
2-propanol  (2800-3000  CIVM)  change  i  n  band  i  ntensi  ty 
directly  with  changes  in  2-propanol  concentration; 

3.  in  the  low-frequency  region,  the  1000-1200  cm-1  bands 
related  to  carbon  skeletal  vibrations  also  change; 

4.  and,  also  in  the  low  frequency  region,  the  1380  cm'1 
band  related  to  C-H  symmetrical  deformation  vibrations 
in  the  methyl  groups  increase  with  2-propanol  concentra¬ 
tion.  A  comparison  between  the  different  C-H  stretching 
bands  of  liquid  2-propanol  (2970  cm-1  = 
CH  antisymmetric  (I);  2930  cnr1  =  C-H  stretching  (II); 
2870  cm"1  =  CH  symmetric  stretching  (III))  with  the 
corresponding  bands  of  the  adsorbed  alcohol  may  be  rele¬ 
vant.  In  the  liquid  phase,  the  stretching  bands  (II)  and 
(III)  exhibit  similar  intensities.  For  the  adsorbed 
state,  band  II  is  nearly  double  the  intensity  of  band 
III,  suggesting  that  the  symmetric  stretching  mode  had 
been  somewhat  hindered.  This  may  be  explained  by  assum¬ 
ing  that  the  alcohol  molecule  adsorbs  not  only  by 
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bonding  of  the  OH  group,  but  also  via  a  bond  with  a 
-hydrogen  atom.  In  effect,  this  eliminates  half  of  the 
symmetric  con ir ibut ions  from  the  two  methyl  groups, 
which  is  also  approximately  the  magnitude  of  the  reduc¬ 
tion  in  the  2870  cm"1  band.  This  two-point  mode  of 
adsorption  can  also  better  explain  the  thermal  stability 
of  the  reactant  species  at  the  temperature  of  reaction 
as  opposed  to  single  H -bonded  species; 

5.  the  two  bands  in  the  1400-1600  cm-1  region  do  not  change 
with  2-propanol  concentration  changes  and  it  may  be  sur¬ 
mised  that  they  are  not  involved  in  the  reaction  mechan¬ 
ism.  These  bands  have  previously  been  assigned  (78)  to 
irreversibly  adsorbed  carboxylate  species. 

On  the  basis  of  these  observations,  Figure  6-2  depicts 
plausible  reaction  mechanisms  in  accord  with  the  above.  Both 
surface  configurations  involve  a  direct  interaction  with 
surface  OH  groups  as  well  as  a  two-point  mode  of  adsorption. 
Nevertheless,  the  limitations  of  the  present  infrared  tech¬ 
nique  to  differentiate  between  two  such  species  and  to 
choose  unequivocally  the  specific  atomic  configurations  of 
bonding  states  have  been  discussed  in  section  2.2. 

6.1.2  Carboxylate  adsorbed  species 

The  formation  and  nature  of  these  oxidized  species  has 
been  reviewed  in  Chapter  2.  The  method  used  to  control  their 
relative  amount  on  the  catalyst  to  maintain  a  reproducible 
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Figure  6.2  Mechanistic  View  of  Surface  Reaction 
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activity  of  the  catalyst  was  established  in  detail  in  sec¬ 
tion  5.6.  The  results  in  the  present  section  were  obtained 
on  a  wafer  which  was  not  submitted  to  the  standard  pretreat¬ 
ment  procedure  followed  during  the  Kinetic  runs.  The  popula¬ 
tion  of  the  carboxylate  species  on  the  surface  of  this  wafer 
had  progressively  increased  and  their  influence  on  the  reac¬ 
tion  rates  and  surface  spectra  is  now  analyzed. 

Figure  6-3  shows  that  the  reaction  rates  obtained  under 
similar  conditions  decline  visibly  when  the  absorbance  of 
the  1570  cm- 1  band  of  carboxylate  species  increased.  The 
adsorption  isotherm  for  2-propanol,  obtained  by  measuring 
the  absorbance  of  the  2970  cm'1  band  of  2-propanol,  shows 
that  all  such  absorbances  are  correlated  by  a  single  iso¬ 
therm  irrespective  of  the  carboxylate  species  surface  con¬ 
centration  (band  at  1570  cm'1).  In  all  cases,  the  rate  ap¬ 
proached  a  limiting  value  upon  attaining  a  saturation  level 
of  surface  2-propanol .  This  limiting  value  , a  measure  of 
activity  level,  declined  with  increasing  carboxylate  concen¬ 
tration. 

Since  the  carboxylate  level  did  not  influence  the  sur¬ 
face  coverage  of  alcohol  appreciably  but  affected  the  reac¬ 
tion  rate  adversely,  this  was  interpreted  to  mean  that  the 
carboxylate  and  alcohol  adsorbed  on  different  sites.  To  ac¬ 
count  for  the  detrimental  influence  of  carboxylate  species, 
they  are  presumed  to  occupy  sites  which  are  essential  for 
the  reaction  to  occur.  The  formation  of  carboxylate  appears 
to  be  a  slow  reversible  activated  process  taking  place  on 
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(2970  cm"1) 


■  Rate  of  Reaction  (gmol  x  10/g-h) 


Figure  6.3  Influence  of  Carboxylate  Species 
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sites  of  various  energetic  strengths.  The  formation  of 
stable  pyridone,  surface  amides  and  surface  carboxylates 
has  been  considered  to  occur  on  Lewis  acid-base  paired  sites 
in  a  concerted  way  (39). 

6.1.3  Influence  of  products 

Although  the  dehydration  reaction  appeared  to  be  irrev¬ 
ersible,  the  influence  of  the  presence  of  reaction  products 
was  also  investigated.  Addition  of  propylene  to  the  feed 
produced  no  observable  effect  upon  the  reaction  rate.  The 
presence  of  adsorbed  propylene  on  the  surface  of  alumina  at 
reaction  conditions  could  not  be  detected  by  IR  methods. 

The  addition  of  water  to  the  feed  generated  the  results 
shown  in  Figure  6-4.  The  adverse  effect  of  increasing  water 
content  along  with  the  unaffected  adsorption  isotherm  of 
2-propanol  also  suggests  that  adsorption  of  water  occurs  on 
sites  of  different  nature  than  the  alcohol  adsorption  sites. 

Since  both  water  and  carboxylate  retard  reaction  rates 
well  before  the  adsorption  sites  for  2-propanol  become  sa¬ 
turated,  it  may  be  assumed  that  the  total  population  of  al¬ 
cohol  adsorption  sites  L  ,  greatly  exceeds  the  total  popula¬ 
tion  of  active  sites  L  (water  adsorption  sites).  Removal  of 
a  few  L  -type  sites  by  adsorption  of  water  or  formation  of 
carboxylate  suppresses  the  reaction  rate  disproportionately. 
The  small  number  of  water  adsorption  sites  can  also  be  in¬ 
directly  inferred  because  of  the  inability  to  detect  the 
presence  of  adsorbed  water  in  measurable  quantities  on  the 
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Figure  6.4  Influence  of  Water 
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reactive  surface.  When  water  was  present  in  varying  amounts 
in  the  gas  mixture,  the  surface  spectra  remained  unaffected 
despite  the  strong  inhibiting  effect  of  water.  Consequently 
the  formation  of  the  observed  adsorbed  alcohol  species  is 
not  considered  to  be  a  rate-determi ni ng  step  of  the  dehydra¬ 
tion  process  and  these  species  can  be  considered  in  thermo¬ 
dynamic  equilibrium.  It  seems  more  likely  that  the  adsorbed 
alcohol  molecules  are  not  direct  activated  intermediate  com¬ 
plexes  but  only  precursor  species  to  the  dehydration  process 
(as  will  be  seen  later).  The  most  important  result  from  the 
infrared  observations  is  that  the  non-competitive  adsorption 
of  water  and  alcohol  occurs  under  reaction  conditions. 

6.1.4  Poisoning  experiments  with  pyridine 

Up  to  now  little  has  been  said  on  the  nature  of  the 
true  active  sites  involved  during  the  dehydration  process. 
In  section  6.1.1  the  adsorbed  alcohol  molecules  were  ob¬ 
served  to  interact  stongly  with  the  free  OH  groups  of  the 
alumina  surface.  From  the  pronounced  inhibiting  effects  of 
water  and/or  carboxylates  upon  the  rate  of  reaction  at  simi¬ 
lar  coverages,  it  was  concluded  that  surfaces  sites  other 
than  the  alcohol  adsorption  sites  were  necessary  for  the 
completion  of  the  dehydration  process.  It  was  observed  in 
the  literature  survey  that  carboxylates  and  water  molecules 
interact  with  acid-base  pair  sites.  An  important  aspect  of 
the  stereochemistry  of  the  dehydration  reaction  established 
by  detailed  isotopic  studies, is  the  successful  transition  to 
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the  alkene  which  occurs  when  the  -hydrogen  is  removed. This 
process  takes  place  when  the  -hydrogen  atom  comes  suffi¬ 
ciently  close  to  a  suitable  basic  centre  on  the  surface. 
Little  doubt  then  remains  about  the  direct  participation  of 
basic  sites  during  the  rate-determi ni ng  step  of  the 
reaction. Nonetheless, some  controversy  still  remains  about 
the  involvement  of  Lewis-acid  centres. 

To  clarify  this  point,  series  of  experiments  were  per¬ 
formed  where  various  amounts  of  pyridine  were  added  to  the 
feed  mixture.  The  basic  pyridine  molecule  is  known  to  in¬ 
teract  specifically  in  a  coordinative  mode  of  bonding  with 
the  exposed  aluminium  cations  of  the  surface  (Lewis-acid 
centres) .  The  effects  of  pyridine  were  measured  under  reac¬ 
tion  conditions  and  are  summarized  below: 

1.  The  amount  of  adsorbed  alcohol  at  steady  state  was  not 
modified  by  changing  the  concentration  of  pyridine  in 
the  reacting  mixture.  The  saturation  level  of  alcohol 
stayed  identical  in  all  cases. 

2.  The  appearance  of  a  weak  band  at  1620cm-1  could  be 
directly  related  to  the  relative  amount  of  pyridine  che¬ 
misorbed  on  the  surface.  The  intensity  of  this  band  in¬ 
creased  noticably  with  the  concentration  of  pyridine  in 
the  gas  mixture. 

3.  Finally  a  much  more  pronounced  decrease  in  the  rate  of 
reaction  was  observed  than  was  the  case  with  water.  This 
effect  was  reversible  since  the  original  activity  was 
almost  completely  recovered  when  the  addition  of 
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pyridine  to  the  feed  was  eliminated. 

The  influence  of  adsorbed  pyridine  upon  the  activity  of  the 
catalyst  is  shown  in  Figure  6-5  ,  where  the  amounts  of  pro¬ 
pylene  produced  (plotted  on  a  relative  scale  as  G.C  peak 
area)  are  related  to  the  concentration  of  pyridine  in  the 
feed  (plotted  as  intensity  of  the  1620cm-1  IR  peak  of 
adsorbed  pyridine).  The  typical  small  intensity  of  this  band 
may  have  caused  some  scattering  of  the  experimental  data. 
The  mole  fraction  of  the  reactant  was  maintained  very  close 
to  9%  . 

Although  not  linear,  the  curve  in  figure  6-5  clearly 
demonstrates  that  the  amount  of  adsorbed  pyridine  is  corre¬ 
lated  with  the  activity  of  the  catalyst  and  thus, the  pyri¬ 
dine  must  occupy  the  true  active  sites  on  the  surface.  At 
sufficiently  high  concentrations  the  reaction  tends  to  be 
completely  suppressed.  These  results  demonstrate  the  impor¬ 
tance  of  the  Lewis-  acid  sites  in  the  reaction.  In  fact, 
these  sites  are  probably  similar  to  the  ones  occupied  by 
water  which  were  also  found  to  influence  the  reaction  ad¬ 
versely.  In  the  case  of  water  it  was  not  possible  to  observe 
directly  by  infrared  means  the  presence  of  adsorbed  mole¬ 
cules  of  water.  The  initial  steep  curvature  of  the  plot  re¬ 
flects  the  hetereogenei ty  of  the  alumina  surface  since  the 
initial  sites  blocked  by  pyridine  seem  to  affect  the  reac¬ 
tion  comparably  more  than  those  sites  occupied  at  higher  co¬ 
verage  . 

The  experiments  described  above  demonstrate  how  the  new 
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Figure  6.5  Poisoning  Effect  of  Pyridine 
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reactor  can  be  used  advantageously  in  poisoning  studies. 
Since  both  acidic  and  basic  agents  strongly  poison  the  alco¬ 
hol  dehydration,  one  could  interpret  the  existence  of  inter¬ 
dependent  acid-base  pairs  of  sites  on  the  surface  of  alu¬ 
minas  and  that  these  pairs  provide  the  operative  effect  dur¬ 
ing  the  activation  of  the  process. The  precise  atomic  confi¬ 
guration  of  these  active  portions  of  the  surface  is  certain¬ 
ly  beyond  the  scope  of  this  investigation.  The  interrelation 
between  chemical  and  geometric  factors  on  the  surface  re¬ 
mains  an  essential,  somewhat  mysterious,  aspect  of  cataly¬ 
sis. 


6.2  Kinetic  Experiments 

6.2.1  Preliminary  kinetic  experiments 
Before  commencing  the  interpretation  of  the  kinetics 
results,  a  number  of  preliminary  experiments  were  underta¬ 
ken.  In  a  "blank  run"  the  possibilities  of  either  homogene¬ 
ous  reaction  or  catalytic  effect  of  the  equipment  walls  were 
examined  in  the  absence  of  catalyst  in  the  reactor.  No  evi¬ 
dence  of  reaction  could  be  detected  even  when  the  stainless 
steel  vaporization  chamber  had  been  heated  up  to  300°C. 

To  understand  the  reaction  mechanism  and  to  develop  the 
appropriate  kinetic  model,  it  is  also  necessary  to  establish 
wether  the  reverse  reaction  occurs  within  the  range  of  reac¬ 
tion  conditions  adopted  for  the  rate  measurements.  It  is  cu¬ 
stomary  first  to  make  a  thermodynamic  analysis  of  the  system 
to  determine  the  feasibilities  of  the  forward  and  reverse 
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reactions.  This  was  done  previously  by  Chuang  (75)  where  he 
calcul ted  the  Gibbs  energy  change,  G,  for  the  reaction  sys¬ 
tem  and  showed  that  the  equilibrium  fractional  conversion, 
X,  is  essentially  unity  when  the  alcohol  partial  pressure  is 
less  than  one  atmosphere.  Experiments  were  also  carried  out 
with  the  equipment  mentioned  in  Chapter  5  to  examine  whether 
the  reverse  reaction  was  significant  under  the  reaction  con¬ 
ditions  being  studied.  The  absence  of  formation  of  alcohol 
when  water  and  propylene  diluted  in  nitrogen  were  fed  to  the 
reactor  at  the  highest  temperature  employed  agreed  with  the 
thermodynamic  predictions.  In  addition,  when  the  reactor  was 
operated  in  the  batch  mode  , the  conversion  of  alcohol  became 
virtually  unity  after  a  sufficient  time  of  reaction. 

The  investigation  of  catalytic  reactions  is  often  com¬ 
plicated  by  diffusion  as  well  as  chemical  phenomena.  These 
effects  have  been  extensively  reviewed  by  Satterfield  (158) 
and  Carberry  (159)  in  consideration  of  both  gas-film  diffu¬ 
sion  (external)  and  pore  diffusion  (internal).  The  external 
mass  transfer  performance  of  the  new  reactor  has  been  ex¬ 
plored  in  section  3.3.  The  simulation  sublimation  experi¬ 
ments  could  be  interpreted  relatively  easily  because  of  the 
well  defined  geometrical  configuration  of  the  catalyst  waf¬ 
er.  Average  superficial  mass  transfer  coefficients  of  20 
cm/s  were  obtained,  which  indicates  a  very  good  contracting 
of  the  reacting  gases  with  the  catalyst,  one  of  the  main  at¬ 
tributes  of  the  reactor.  Normally,  gas-film  diffusion  con¬ 
trol  is  more  probable  when  the  reaction  rate  is  high  and/or 
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when  the  reactant  pressure  in  the  system  is  low.  Consequent¬ 
ly,  the  good  contacting  obtained  in  this  case  should  faci¬ 
litate  the  study  of  intrinsic  Kinetics  at  higher  conversions 
without  being  mass  transfer  limited.  In  fact,  during  the 

Kinetic  runs  the  recycle  flow  was  decreased  from  about  20 

1 /mi n  to  less  than  10  1/min  from  time  to  time  by  manipula¬ 
tion  of  the  throttling  valve  at  the  outlet  of  the  bellows 

pump.  Since,  even  for  the  highest  conversion  data,  no  notic- 
able  change  was  observed  between  the  ensuing  steady  states, 
it  is  reasonable  to  assume  that  external  mass  transfer  was 

probably  negligible  in  all  the  Kinetic  runs  in  the  present 
worK . 

6.2.2  Intrapart icle  diffusion 

Intraparticle  diffusion  may  occur  by  one  or  more  of 
three  mechanisms:  ordinary  bulK  diffusion,  Knudsen  diffusion 
and  surface  diffusion.  Ordinary  gas  diffusion  occurs  in 
large  pores  where  gas-gas  molcular  collisions  predominate. 
The  effective  diffusivity  D  may  be  used  to  relate  the 
mass  flux  to  the  total  cross  section  of  the  porous  solid. 

D  =  D-  /  (6.01  ) 

The  range  of  values  of  the  tortuosity  factor,  ,  is  in  most 
cases  from  3  to  7 . 

If  the  gas  density  is  low  or  if  the  pores  are  very  nar¬ 
row,  the  molecules  collide  with  the  pore  wall  much  more 
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frequently  than  with  each  other.  This  is  Known  as  "Knudsen 
diffusion  ,  and  in  this  case  the  gas  flux  is  reduced  by  the 
wall  resistance  which  causes  a  delay  because  of  both  the 
diffusion  reflection  and  the  finite  time  the  molecule  is 
adsorbed.  Kinetic  theory  provides  the  following  relation  for 
Knudsen  diffusion  in  gases  in  a  straight  round  pore: 

D  =  9700 . r  .  ( T/M )  (6.02) 

where  r  is  the  pore  radiux  in  cm,  T  the  temperature  in  K  and 
M  the  molecular  weight.  As  the  internal  geometry  of  consoli¬ 
dated  porous  solids  is  poorly  understood,  it  is  also  neces¬ 
sary  to  include  a  factor,  Tm,  allowing  for  both  the  tortuous 
path  and  the  effect  of  varying  cross  sections  of  individual 
pores.  The  effective  Knudsen  diffusivity  based  on  the  total 
cross  section  of  the  porous  solid  is  given  by: 

D  =  D  .  /  (6.03) 

The  third  mode  of  transport,  surface  diffusion,  has 
generally  not  been  considered  in  establishing  the  signifi¬ 
cance  of  intraparticle  mass  transfer  resistances  on  the  rate 
of  chemical  reactions.  In  consideration  of  what  was  said  in 
section  2.5,  it  seems  wise  to  consider  the  possibility  of 
significant  surface  migration  for  our  system.  The  effect  of 
surface  diffusion  is  to  increase  the  effectiveness  factor 
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(160),  and  when  the  effective  diffusivity  is  back  calculated 
from  reaction  rate  data,  it  is  substantially  higher  than 
would  be  expected,  indicating  that  surface  diffusion  was 
probably  significant.  In  the  absence  of  surface  diffusion, 
the  effective  intraphase  diffusivity  in  the  transition  re¬ 
gime  between  molecular  and  Knudsen  diffusion  can  be  esti¬ 
mated  by  equation  (6.4)  as  derived  by  Satterfield  (158). 

1/D  =  1/D  +  1/D  (6.04) 


From  a  practical  aspect,  when  reaction  is  occurring  in 
a  porous  structure,  some  concentration  gradient  will  always 
exist,  and  the  effectiveness  factor  for  an  isothermal  reac¬ 
tion  will  never  equal  unity,  except  as  a  mathematically  li¬ 
miting  case.  A  general  criterion  to  indicate  the  absence  of 
significant  diffusion  effects  can  be  taken  as  the  conditions 
for  which  exceeds  about  0 . 95 . However ,  the  accuracy  with 
which  the  effectiveness  factor  can  be  expressed  in  terms  of 
the  Thiele  modulus  depends  largely  upon  one/ s  degree  of  kno¬ 
wledge  concerning  the  intrinsic  kinetics,  the  accuracy  with 
which  the  effective  diffusivity  can  be  estimated,  and  the 
degree  to  which  the  catalyst  is  isothermal. 

It  is  therefore  imperative  that  the  effect  of  pore  dif¬ 
fusion  be  determined  experimentally  by  measuring  the  reac¬ 
tion  rates  for  various  particle  sizes  of  catalyst  under 
otherwise  identical  conditions  (161).  If  the  reaction 


V  ' 


166 


conversion  remains  constant  when  the  pellet  thickness  is 
varied,  while  keeping  the  space  velocity  as  well  as  other 
reaction  conditions  constant,  then  pore  diffusion  is  probab¬ 
ly  not  significant.  In  this  study  using  wafer-shaped  cata¬ 
lyst  pellets,  the  critical  dimension  for  diffusion  path  is 
the  wafer  thickness  .Consequently,  five  different  catalyst 
weights  and  correspondi ng 1 y ,  five  different  wafer  thi¬ 
cknesses  were  investigated.  The  experimental  conditions  and 
results  from  these  runs  are  displayed  in  Figure  6-6.  The 
graph  clearly  indicates  that  pore  diffusion  is  probably  ne¬ 
gligible  as  long  as  the  catalyst  weight  is  kept  below  150mg 
during  rate  experiments. 

One  of  the  best  methods  of  estimating  the  effectiveness 
factor  is  reported  in  detail  by  Satterfield  (158).  The  de¬ 
finitions  of  the  terms  and  examples  demonstrating  the  calcu¬ 
lation  method  can  be  found  in  Appendix  B  .  The  data  chosen 
for  these  calculations  were  the  ones  corresponding  to  the 
onset  of  significant  pore  diffusion  for  the  187.5  mg  and  the 
292  mg  wafers.  For  these  two  data  points  the  estimated  va¬ 
lues  of  the  Thiele  modulus  are  respectively,  1.045  and 
1.48.  It  is  interesting  to  compare  these  values  from  Figure 
4-2  in  Satterfield's  book.  On  his  plot,  pore  diffusion  is 
predicted  to  become  significant  at  values  of  of  0.5  and  2 
for  the  cases  of  first  order  and  zero  order  reactions,  re¬ 
spectively.  Since  the  experimental  order  of  reaction  for  the 
dehydration  reaction  will  be  demonstrated  subsequently  to 
exhibit  behaviour  equivalent  to  a  fractional  order , 
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Figure  6.6  Evaluation  of  Pore  Diffusion 
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corresponding  values  of  the  Thiele  modu 1  us , 1 . 045  and  1.48, 
could  be  interpreted  to  provide  agreement  between  these  re¬ 
sults  and  Satterfield's  method  of  predicting  effectivness 
factors.  It  is  therefore  reasonable  to  assume  that  pore  dif¬ 
fusion  limitations  were  also  negligible  in  our  work  even  at 
the  relatively  high  conversions  obtained  because  the  wafer 
weights  as  employed  were  always  less  than  0.15g.  However,  a 
few  additional  comments  should  be  made. 

First,  the  low  value  of  the  tortuosity  factor  0.85  used 
in  the  estimation  of  the  effective  diffusion  coefficient  was 
based  on  experimental  data  by  Smith  et  al  (162)  which  were 
obtained  by  diffusion  measurements  through  plugs  compressed 
from  alumina  powder.  The  mean  pore  radius  of  their  catalyst 
was  9.6  nm  which  compares  well  with  the  8.4  nm  for  the  cata¬ 
lyst  used  herein.  Nevertheless,  a  value  of  tortuosity  less 
than  1  has  no  physical  interpretation  unless  it  accounts  for 
a  significant  contribution  of  surface  diffusion  to  the  glob¬ 
al  transfer  inside  the  solid. 

Secondly,  Satterfield  points  out  (158)  that:  "At  rates 
above  about  10" 5  gmol/s.cm3  of  pellet,  severe  mass  and  heat 
transfer  problems  will  usually  be  encountered  with  pellets 
of  typical  size  ".  In  this  study,  dehydration  reaction  rates 
of  10"4  gmol/s  x  cm3  of  catalyst  were  obtained  at  the  high¬ 
est  temperature  without  apparent  mass  transfer  limitations. 
These  contradictory  remarks  can  be  reconciled  when  one  con¬ 
siders  that  the  thickness  of  a  100  mg  wafer  is  only  about 
0.1  mm  (200  mesh).  The  characteristic  length  of  the 
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diffusion  path  becomes  then  very  small  so  that  in  principle 
much  higher  intrinsic  reaction  rates  per  unit  volume  of  ca¬ 
talyst  can  be  secured  than  in  industrial  pellets;  the  Thiele 
modulus  having  a  square  dependency  upon  the  character i st i c 
length  of  the  pellet. 

6.2.3  Summary  of  kinetic  runs 

A  total  of  186  data  points  were  collected  from  the 
kinetic  measurements  covering  four  reaction  tempera¬ 
tures  , 23 1 0 , 246 . 5° , 260 . 3°  and274°C.  The  data  sets  and  the 
partial  pressure  range  of  the  compounds  in  the  reactor  under 
each  of  the  four  temperatures  are  summarized  in  table  6-1. 
More  detailed  information  on  the  186  runs  are  te  be  found  in 
Appendix  E.  In  the  folowing  sections,  a  plausible  reaction 
mechanism,  one  which  is  in  agreement  with  the  overall  chemi¬ 
stry  (IR  observations)  and  the  main  character i st ics  of  the 
ki net i cs  behaviour  (rate  surface  response)  will  be  proposed. 
Criteria  for  evaluation  of  model  adequacy  will  then  be  dis¬ 
cussed.  Using  statistical  model  discrimination,  the  super¬ 
iority  of  the  new  rate  expression  over  other  alternate  me¬ 
chanisms  will  be  demonstrated. 


6.3  Development  of  a  New  Kinetic  Model 

6.3.1  Development  of  mechanism  consistent  with  experi¬ 
mental  evidence 

Infrared  spectroscopy  can  provide  considerable  insight 
into  the  identity  of  chemisorbed  species  which  may  be 
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Table  6.1 

Summary  of  Kinetic 

Data 

T 

(  c ) 

Data 

Set 

No .  of 
points 

Partial  Pressure  1 
PA  (atmxlOO) 

Range 

PW 

231 

.2 

T 1 A 

1  1 

0. 

,23-10 

0 

.308- 

0.494 

TIB 

12 

0. 

,  16-9.95 

1 

.75-1 

.91 

TIC 

4 

2. 

,86-8.62 

0 

.734- 

0.777 

246 

.5 

T2A 

9 

0. 

219-12.4 

0 

.76-1 

.67 

T2B 

4 

3. 

57-4. 16 

1 

.62-5 

.89 

T2C 

13 

0. 

171-8.24 

0 

.316- 

0.85 

T2D 

12 

0. 

284-8.4 

2 

.86-3 

.21 

260. 

,2 

T3A 

12 

0. 

336-8.88 

0, 

.498- 

1.41 

T3B 

10 

0. 

326-6.85 

1 . 

.72-2 

.  54 

T3C 

1  1 

0. 

334-20.8 

1 , 

,  15-2 

.99 

T3D 

1  1 

0. 

380-8.64 

5. 

79-6 

.35 

T3E 

9 

0. 

286-8.72 

0. 

49-1 

.66 

T3F 

15 

0. 

177-9.42 

0. 

332- 

3.74 

T3G 

13 

0. 

196-9.33 

0. 

339- 

1.58 

274. 

0 

T4A 

13 

0. 

63-10.  11 

1  . 

01-6 

.36 

T4B 

13 

0. 

709-9.68 

2. 

51-9 

.  15 

T4C 

14 

0. 

855-26.0 

2. 

47-5 

.  12 

r 
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intermediates  in  catalytic  reactions.  This  information  ob¬ 
tained  at  the  molecular  rather  than  the  macroscopic  level, 
should  serve  as  a  good  basis  for  screening  models  because 
the  mechanism  proposed  according  to  infrared  evidence  would 
incorporate  more  detailed  Knowledge  of  the  mechanism  taking 
place  on  the  catalyst  surface. 

In  section  6.1,  the  combination  of  some  rate  data  with 
the  detailed  infrared  observation  of  the  adsorbed  species 
during  reaction,  led  to  the  development  of  a  reaction  me¬ 
chanism.  It  was  also  clearly  established  that  the  alcohol 
and  water  occupy  different  sites  on  the  surface  and  that  the 
i nhibi tion  effect  of  water  and  pyridine  on  the  rate  of  reac¬ 
tion  makes  the  indirect  participation  of  Lewis  acid  sites 
essential  for  the  reaction  to  proceed. 

By  analogy  to  our  reaction  system,  it  is  useful  to  con¬ 
sider  more  generally  the  process  of  an  irreversible  monomo- 
lecular  decomposition  of  a  reactant  involving  the  participa¬ 
tion  of  two  different  sites, as  suggested  by  the  infrared 
studies.  If  the  reactant  and  one  of  the  products  occupy  two 
dissimilar  sites,  the  reaction  steps  may  be  written, 

(  1  )  R  +  1  R 1 

(2)  R1  +  1  PI  +  1  (6.05) 

(3)  PI  P  +  1 

with:  R ( reactant ) ;  P(product);  1  ,1  (different  sites). 

The  usual  Langmuir-Hinshelwood  treatment  of  such  a  mechanism 
for  step  (2)  rate-control  1 i ng  results  in  equation  6.06, 

K  P 


r  =  k.L  .L 


(6.06) 
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( 1+K  P  ) . ( 1+K  P  ) 

This  dual  dissimilar-sites  rate  expression  was  used  previ¬ 
ously  by  Chuang  (75)  to  correlate  one  set  of  isothermal  data 
at  251. 2°c  for  the  dehydration  of  isopropanol  on  alumina. 
However,  it  will  be  shown  later  that  this  rate  equation  does 
not  fit  the  rate  data  obtained  here, even  if  the  associated 
mechanism  is  consistent  with  most  of  the  infrared  observa¬ 
tions.  These  apparent  discrepancies  were  interpreted  as  fol¬ 
lows  to  derive  a  new  Kinetic  model. 

6.3.2  Influence  of  coverage  upon  reactivity  of  reactant 
adsorbate 

First  it  is  implicitly  assumed  in  equation  6.06  that 
any  species  R1  may  have  access  to  any  available  empty  sites 
1  .  This  access ibility  is  on  1 y  true  in  the  unli Ke 1 y  even t 

that  high  surface  diffusion  of  the  adsorbed  reactant  pre¬ 
vails.  On  the  other  hand,  assume  the  active  surface  to  con¬ 
tain  a  random  distribution  of  adjacent  pairs  of  sites,  1  1 
,  without  the  presence  of  significant  surface  diffusion. 
This  would  be  equivalent  to  postulating  that  for  each 
adsorbed  reactant  species,  the  only  way  to  decompose  into 
the  products  is  by  interaction  with  the  adjacent  empty  site, 

1  , to  the  exclusion  of  any  other  1  site  available  on  the 

surface.  In  this  latter  case,  it  is  actually  more  accurate 
to  write  the  reaction  sequence  as  follows, 

(1)  R+l-1  R 1  - 1 


(2)  R 1  -1 


PI  -1 


(6.07) 
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(3)  PI  -1  P  +  1  -1 

and  to  approximate  the  surface  as  one  comprising  homogeneous 
sites  of  the  type, 1  1  .  The  corresponding  rate  equation  as¬ 
suming  the  surface  reaction  to  be  rate-contro 1 1 i ng  and  that 
P  adsorbs  as  well  is, 

r  =  K.L  .K  P  /( 1  +  K  P  +  K  P  )  (6.08) 

similar  to  the  single-site  mechanism  rate  equation  .  It  is 
apparent  that  a  reaction  involving  the  participation  of  two 
distinct  chemical  sites,  on  a  surface  (i.e.  A1  cations  and 
OH  groups  or  other  combinations  of  sites)  could  lead  to  an 
equation  equivalent  to  the  single  site  mechanism  rate  equa¬ 
tion.  This  illustrates  the  contradictions  that  may  seemingly 
occur  between  observations  made  at  the  microscopic  level 
(infrared  studies,  poisoning  effects,  isotopic  effects  etc.) 
and  at  the  macroscopic  level  (rates  of  reaction)  for  a  reac¬ 
tion  system. 

So  far  two  limiting  cases  have  described,  where  the 
surface  diffusion  was  either  significant  (mobile  adsorption 
layer)  or  absent  (fixed  adsorbed  molecules).  During  a  real 
catalytic  process,  intermediate  conditions  may  often  pre¬ 
vail.  This  discussion  emphasizes  the  approximations  involved 
in  the  derivation  of  such  standard  Kinetic  models.  It  may 
also  be  argued  that  on  the  alumina,  the  populations  of  the 
different  atoms  exposed  on  the  surface  differ  greatly.  For 
instance,  the  strong  retarding  effect  of  water  upon  the 
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reaction  rate, even  though  the  coverage  by  the  reactant  was 
not  affected  (section  6.1  and  Figure  6.4),  suggests  that  L 
>>L  on  the  surface.  Each  surface  site  1  will  then  be  sur¬ 
rounded  on  the  average  by  a  number  of  adsorption  sites  1  ( 
>1).  This  means  also  that  at  high  relative  coverage  more 
than  one  adsorbed  reactant  molecule  could  in  principle  migr¬ 
ate  to  the  same  active  site  1  in  order  to  complete  the  reac¬ 
tion.  Since  at  a  given  time  only  one  R1  species  can  interact 
with  a  neighbouring  1  ,  it  is  plausible  that  the  average  re¬ 
activity  of  each  species  R1  will  decrease  as  its  population 
increases  on  the  catalyst.  This  phenomenon  was  indeed  ob¬ 
served  directly  under  the  conditions  of  reaction  and  was  not 
incorporated  in  the  previous  arguments.  It  was  also  noticed 
that  although  the  coverage  of  the  catalyst  by  isopropanol 
increased  steadily  with  its  partial  pressure  (as  indicated 
by  infrared),  the  rate  of  reaction  went  through  a  maximum 
(see  Figure  6-6).  An  explanation  of  this  retarding  influence 
of  the  reactant  is  now  attempted  in  light  of  the  limitations 
just  discussed.  Considering  the  likelihood  of  an  adsorbed 
species, R1  , being  able  to  react  with  an  adjacent  1  site,  in 
terms  of  relative  coverage  by  R1  species,  a  distribution  of 
reactivities  could  be  proposed,  such  as  that  shown  in  Figure 
6"7 .  In  this  postulated  di str ibut ion , the  ordi nate , I , i s  de¬ 
fined  as  the  average  reactivity  of  the  R1  species  at  any  co¬ 
verage  relative  to  their  reactivity  at  zero  coverage.  A  li¬ 
miting  value, I =d, where  d>>0,is  associated  at  full  coverage 
by  the  reactant.  The  decline  in  I  with  coverage  is 
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Fractional  Relative  Coverage 


Figure  6.7  Interaction  of  Adsorbed  Reactant  Molecules  as 
Function  of  Their  Relative  Coverage 
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attributed  to  the  steric  and/or  inductive  effects  of 
adsorbed  alcohol  molecules  adjacent  to  a  common  1  site.  In 
simpler  terms,  this  is  a  way  of  accounting  for  the  possible 
interaction  of  adsorbed  reactant  molecules  on  the  surface. 
Equation  6.09  defines  I  in  terms  of  coverage, 


I  =  (d  -1). 

+  1 

(6.09) 

using  I  as  a  weighting  factor 

, i . e .  to  define  the 

relative 

reactivity  of  R1  species  for 

a  given  ,  the  surface 

reaction 

step  in  equation  6.5  is  given 

by  equation  6.10, 

r 

=  K .  I  .  [  R  1  ]  .  [  1 

] 

In  the  absence  of  the  influence  of  the  products,  the  overall 
react i vi ty , C ,  of  the  catalyst  surface  is  then  expressed  as 
in  equation  ,6.11, 

C (  )  =  I .  =  (d- 1  ) .  2  +  (6.11) 

The  dependence  of  C  with  coverage  has  been  plotted  on  Fi¬ 
gure  6-8  for  different  values  of  the  parameter  d.  The 
straight  line  for  d= 1  represents  the  usual  ideal  case  when 
all  reactant  intermediate  species  retain  the  same  reactivity 
i ndpendent ly  of  the  surface  coverage  ( Langmui r-Hinshelwood 
model).  Between  0.5  and  1,  the  rate  of  reaction  increases 
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Figure  6.8  Overall  Surface  Activity  as  Function  of  Alcohol 

Fractional  Coverage 
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continuously  with  the  reactant  coverage,  but  in  a  slower 
manner  than  in  the  ideal  case  when  the  direct  mass  action 
law  applies.  For  d<0.5,  the  rate  of  reaction  is  predicted  to 
exhibit  a  maximum  at  some  intermediate  value  greater  than 
half  coverage.  Finally  in  the  particular  case  of  d  equals  to 
zero,  the  reaction  will  be  completely  autoi nhi bi ted  at  full 
relative  coverage  as  in  the  case  of  a  dual  similar  sites  me- 
chani sm. 

From  the  different  curves  on  Figure  6-8,  it  is  apparent 
that  substantial  deviations  from  the  ideal  behaviour  can  be 
predicted  by  the  model.  This  only  requires  the  i ncorporat ion 
of  the  steric  factor  d,  whose  values  are  limited  between 
zero  and  one.  The  addition  of  this  parameter,to  account  for 
the  change  of  the  surface  reactivity  with  fractional  co¬ 
verage,  should  greatly  improve  the  predictive  behaviour  of 
the  standard  Langmui r-Hinshelwood  type  Kinetic  models.  More 
genera  1 ly , two  limiting  basic  assumptions  in  the  derivation 
of  standard  Kinetic  model  may  be  taKen  as  underlying  the 
physical  reality  of  the  new  parameter. 

At  first  it  has  been  often  reported  that  a  real  cata¬ 
lytic  surface  is  non  ideal  ( heterogenei ty) , thereby  affecting 
the  quantitative  validity  of  the  Langmuir  theory.  This  pro¬ 
blem  has  been  reviewed  recently  by  Boudart  (176),  where  he 
showed  that  rate  equations  are  not  drastically  distorted  by 
non-uniformity  but  that  "ultimately  rate  parameters  ex¬ 
tracted  from  rate  equations  valid  for  ideal  sufaces  must  be 
considered  as  averaged  out  parameters  and  not  rate 
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parameters  for  specific  events  on  specific  sites".  In  the 
proposed  model,  for  0 . 5 <d < 1 ,  it  can  be  seen  from  Figure  6-8, 
that  the  intermediate  species  become  progressi vely  less  rea¬ 
ctive  as  the  coverage  increases.  In  the  limit  for  d=0.5,  the 
last  sites  occupied  have  practically  no  influence  upon  the 
global  activity  of  the  surface.  Accordingly,  by  adding  the 
parameter  d,  we  may  take  into  account  the  dynamic  behaviour 
of  the  catalyst  without  having  to  modify  the  form  of  the 
rate  equation  correspondi ng  to  the  basic  reaction  mechanism 

and  thereby  distorting  the  values  of  the  relevant  paramet¬ 
ers  . 

At  last,  apart  from  surface  heterogeneities,  the  as¬ 
sumption  of  no  interaction  between  adsorbed  species  is  usu¬ 
ally  made  in  deriving  kinetic  models.  This  assumption  means 
that  the  excess  energy  and/or  accessibi 1 i ty  of  reaction 
sites  is  not  affected  by  the  presence  or  absence  of  adsorbed 
molecules  on  neighbouring  sites  and  consequently,  the  reac¬ 
tion  models  fail  to  predict  any  autoinhibition  effect  by  the 
reactant  when  it  occurs.  Some  mode  of  interaction  between 
surface  species  can  be  accounted  for  in  our  model,  especial¬ 
ly  when  the  value  of  the  parameter  d  is  less  than  0.5.  In 
this  condition,  a  maximum  of  the  rate  of  reaction  is  pre¬ 
dicted  at  some  intermediate  coverage  where  the  tendency  to 
enhance  the  reaction  by  addi tonal  intermediate  reactant 
adsorbed  species  is  exactly  balanced  by  the  competition  of 
the  same  species  to  react  further  with  the  vacant  reaction 
si tes . 
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6.3.3  Derivation  of  new  rate  expression 

The  derivation  of  the  rate  equation  cor respondi ng  to 
the  presently  modified  Langmui r -H i nshe Iwood  model  is  de¬ 
scribed  in  Table  6-2.  As  mentioned  earlier,  any  influence 
due  to  propylene  has  been  omitted  and  the  surface  reaction 
is  rate-control  1 ing.  The  participation  of  two  dissimilar 
sites  stems  from  the  direct  independent  infrared  observa¬ 
tions  in  section  6.1.  A  simple  linear  dependence  between  the 
average  reactivity  of  intermediate  adsorbed  alcohol  and  its 
fractional  coverage  is  built  in  the  model.  This  last  assump¬ 
tion  is  somewhat  arbitrary  and  empirical  and  other  forms  of 
the  dependency  will  be  considered  later.  In  conclusion  we 
rewrite  now  the  derived  rate  expression  in  terms  of  the  only 
four  parameters  that  can  be  estimated  from  the  analysis  of 
Kinetic  data. 

a.b.P  . (1+b.d.P  ) 

r  =  - -  -  (6.12) 

( 1+c. P  ) . ( 1+b. P  ) 2 

This  model  will  be  referred  as  model  M7  in  the  subsequent 
sections  . 


6.4  Testing  Of  Model  Adequacy 
6.4.1  Fitting  adequacy 

For  the  new  Kinetic  equation  M7  to  be  acceptable,  agre¬ 
ement  with  the  experimental  data  must  be  demonstrated. 
Information  on  the  non-linear  estimation  of  the  model  para¬ 
meters  can  be  found  in  section  6.5.  The  listing  of  the 
computer  programs  are  shown  in  Appendix  C.  The  purpose  of 
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Table  6.2  Derivation  of  New  Rate  Expression 


t)ERIVATI0N  OF  MODIFIED  DUAL-DISSIMILAR  SITES  MECHANISM 
FOR  DEHYDRATION  OF  2-PROPANOL,  A  P  +  W 


A=2- PROPANOL ;  P  =  P ROP Y L ENE ;  W=WATER ; 


A 

+  1 

A 1 

A 1 

+  1 

P  +  W  +  1 

W 

+  1 

Wl 

Rate  controlling  step  expression: 

r  =  k  x  I  x  ( A 1  )  x  (  1  ) 

wi  th 

I  =  (d- 1 )  +i 

K.PA  1  +  d.K.PA 

I  =  (d-1)  --------  +  i  =  - 

1  +  K.PA  1  +  K.PA 


(1) 

(2) 

(3) 


Final  rate  experession: 


k  . K . L  L  PA. ( 1  +  d.K.PA) 

r  r - - 

(1  +  K.PA) 2  (1  +  K  .PW) 


Expressions  for  limit  cases: 


d  =  0 


d=  1 


k  .  K  .  L  L  .PA 
(1  +  K.PA)2  (1  +  K  .PW) 
k  .  K . L  L  .PA 
(1  +  K.PA)  (1  +  K  .PW) 


Parameter  d  represents  the  average  normalized  reactivity 
of  intermediate  species  at  full  coverage. 
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Figures  69  to  6-12  is  to  illustrate  visually  how  the  four 
subsets  of  isothermal  data  are  conform  to  the  model  predic¬ 
tions.  At  each  temperature , three  or  four  series  of  experi¬ 
ments  at  constant  flow  rates  of  nitrogen  and  water  and  vari¬ 
able  feed  rate  of  the  reactant  isopropanol  were  carried  out. 
At  a  given  temperature,  the  change  in  the  setting  of  the  di¬ 
luent  gas  flow  rate  allows  to  simulate  different  residence 
times  in  the  reactor  loop  in  order  to  modify  the  conversion 
levels.  The  inhibiting  influence  of  water  upon  reaction  rate 
was  studied  by  altering  the  water  feed  rate  between  series 
of  experiments  (mixed  feed  experiments).  Because  of  the  sys¬ 
tematic  operating  conditions,  the  deviations  in  the  trends 
between  the  model  and  the  data  in  function  of  the  indepen¬ 
dent  variables  (the  partial  pressures  of  isopropanol  and 
water  in  this  case)  can  be  inferred  from  the  graphs.  By  vi¬ 
sual  inspection  of  the  curves  in  Figures  6-9  to  6-12,  one 
may  obtain  simultaneously  a  direct  feeling  of  the  overall 
goodness  of  fit  as  well  as  of  the  systematic  trends  in  the 
residuals.  This  feature  is  often  absent  in  other  Kinetic 
studies  where  the  space  of  the  independent  variables  is  co¬ 
vered  randomly  (as  in  statistical  design  of  experiments).  In 
such  a  case,  the  detection  of  systematic  sources  of  errors 
originating  either  from  the  model  and/or  the  data  may  not  be 
so  apparent. 

From  these  results,  the  graphs  show  that  model  M7  de¬ 
picts  the  major  trends  of  the  data.  The  overall  fit  is  sa¬ 
tisfactory  since  at  each  temperature  the  calculated  average 
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Figure  6.9  Comparison  Between  Experimental  and  Predicted 

Reaction  Rates  at  231. 2°C 
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gure  6.10  Comparison  Between  Experimental  and  Predicted 

Reaction  Rates  at  246. 5°C 


iVloiar  Feed  Rate  of  2-Propanoi  (gmoS  x  100/h) 


Figure 
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11  Comparison  Between  Experimental  and  Predicted 
Reaction  Rates  at  260. 3°C 
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Figure  6.12  Comparison  Between  Experimental  and  Predicted 

Reaction  Rates  at  274. 0°C 


Molar  Feed  Rate  of  2. Propanol  (gmoi  x  100/h) 
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relative  value  of  the  residuals  is  between  four  and  five  per 
cent  of  the  absolute  value  of  the  ordinate  correspondi ng  to 
the  experimental  data.  These  deviations  may  be  explained  by 
some  minute  change  in  activity  of  the  catalyst  and  by  errors 
in  the  analytical  method.  The  latter  influence  not  only  the 
dependent  variable  (rate  of  reaction)  but  also,  the  two  in¬ 
dependent  variables,  P  and  P  .  It  is  Known  that  one  can  gen¬ 
erally  expect  some  degree  of  nonrandom  behaviour  in  the 
residuals ( as  suggested  by  Bard  (175)).  This  behaviour  is 
clearly  exposed  on  the  graphs  6-9  to  6-12  and  is  attributed 
to  minor  imperfections  in  the  model. 

6.4.2  Temperature  dependency  of  the  parameters 

Another  criterion  of  model  adequacy  is  peculiar  to  the 
field  of  chemical  reactions  and  deals  with  the  physical  rea¬ 
sonableness  of  the  parameter  values: 

1.  estimated  adsorption  and  rate  constants  should  be  posi¬ 
tive; 

2.  a  plot  of  the  logarithm  of  a  rate  constant  with  reci¬ 
procal  absolute  temperature  should  be  linear  with  a  ne¬ 
gative  slope; 

3.  a  plot  of  the  logarithm  of  an  adsorption  constant  versus 
reciprocal  temperature  should  be  linear  with  a  positive 
slope  (exothermic  adsorption). 

For  consistency,  it  is  therefore  desirable  to  check  the  de¬ 
pendency  of  the  individual  parameters  with  temperature.  The 
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physical  meaning  of  the  four  independent  parameters  is  re¬ 
called  in  Table  6-3.  According  to  Arrhenius  theory,  the 

three  parameters  a,  b,  c  should  obey  the  following  expres¬ 
sions  : 

a  =  a  exp(  -E  / R T ) 

b  =  b  exp (  H  /RT )  (6.13) 

c  =  c  exp (  H  /RT ) 

where  E  ,  H  and  H  represent , respect i ve 1 y ,  the  activation 
energy  of  the  surface  reaction  and  the  exothermic  heats  of 
adsorption  of  alcohol  and  water.  A  semi  - logar i thmi c  plot  of 
a,  b , c , and  d  versus  reciprocal  catalyst  temperature  is  given 
on  Figure  6-13.  as  expected,  the  values  of  a,  b  and  c  lie  on 
straight  lines  and  from  the  respective  slopes  we  are  able  to 
estimate  the  values, 

E  =  102.4  KJ/mol-K 
H  =-112.4  KJ/mol-K 
H  =83.6  KJ/mol-K 

Unlike  these  3  parameters,  the  value  of  the  autoinhibi¬ 
tion  coverage  factor  d  does  not  change  appreciably  in  the 
range  of  temperatures  studied.  This  behaviour  may  be  ex¬ 
pected  if  the  proposed  mechanism  for  the  reaction  remains 
valid  over  the  entire  range  of  temperatures.  The  parameter 
,d, reflects  the  autoi nhi bi t i ng  influence  of  alcohol  with  re¬ 
spect  to  its  fractional  coverage . Consequent ly,  at  similar 
fractional  coverages  this  effect  should  be  comparable  at  all 
temperatures .  The  constancy  of  d, therefore,  gives  additional 
support  to  the  intrinsic  validity  of  the  new  kinetic  model, 
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6.13  Arrhenius  Dependency  of  Model  Parameters 
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Table  6.3  Model  Parameters 

PHYSICAL  MEANING  OF  INDIVIDUAL  PARAMETERS 

FOR  MODEL  M7 


Rate  expression: 

a.b. PA  (1  +  b.d. PA) 
r  =  - 

(1  +  b. PA) 2  (1  +  c. PW) 

Physical  meaning: 

a:  Rate  constant  of  surface  reaction 

b.  Adsorption  constant  of  Isopropanol 

c:  Adsorption  constant  of  Water 

d.  Au t o i nh i b i t i on  coverage  factor 
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M7  * 

In  addition  to  simpler  computations,  there  was  some 
fundamental  reasoning  in  choosing  to  correlate  the  data  in¬ 
dependently  at  each  reaction  temperature , rather  than  simu¬ 
ltaneously  at  all  four  temperatures .  Because  of  the  apparent 
activation  energy  of  the  dehydration  reaction,  the  absolute 
deviations  between  the  experimental  points  and  the  predic¬ 
tions  of  the  model  differ  greatly  at  various  levels  of  the 
reaction  temperature.  Consequently,  the  incorporation  of  ap- 
propiate  weighting  f actors ,whi ch  are  difficult  to  ascribe 
judicious ly , would  be  required  in  the  regression  analysis.  In 
Kinetic  mode  1 1 i ng , one  usually  designs  a  sequence  of  experi¬ 
ments  at  each  temperature  until  the  model  parameters  are  de¬ 
fined  with  sufficient  accuracy. 

6.4.3  Agreement  between  coverages  observed  by  infrared  and 
coverages  predicted  by  the  model 

The  qualitative  infrared  observations  described  in  sec¬ 
tion  6.1  provided  the  basis  for  the  development  of  the  new 
K i ne tic  mode  1 .  Rec i pr oca  1 1 y ,  it  wou 1 d  be  a  more  power f u 1 
check  of  the  internal  consistency  of  the  model  to  find  some 
quantitative  agreement  between  the  measurement  by  infrared 
of  a  Kinetic  parameter  and  the  value  of  the  same  parameter 
as  predicted  by  the  Kinetic  model.  The  only  parameter  suit¬ 
able  for  this  sort  of  analysis  is  the  adsorption  constant  of 
isopropanol  which  can  be  obtained  independently  by  both  the 
infrared  and  kinetic  methods.  As  mentioned  before,  at  the 
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lower  temperatures  (231. 2°C,  246. 5°C),  the  relative  amounts 
of  adsorbed  alcohol  could  be  measured  reasonably  well  during 
reaction  by  infrared  transmittance  spectroscopy.  This 
enabled  direct  measurements  of  the  fractional  coverages  of 
the  surface  by  isopropanol  as  a  function  of  its  partial 
pressure  in  the  gas  mixture.  The  Langmuir  isotherm,  was  as¬ 
sumed  to  apply  to  the  adsorption  of  alcohol  in  the  develop- 
ment  of  the  rate  equation. 

=  K.P  /( 1  +  K  P  )  (6.14) 

The  values  of  K  (b  in  equation  M7 )  that  resulted  from  the 
regression  analysis  of  the  data  at  231. 2°C  and  246. 5°C  were 
found  to  be  191.2  atm-1  and  78.6  atm-1.  To  check  the  relia¬ 
bility  of  these  values  obtained  by  regression  analysis,  they 
were  used  in  the  Langmuir  isotherm,  equation  (6. 14), to  pre¬ 
dict  the  fractional  coverages  of  alcohol  at  various  partial 
pressures  of  alcohol.  Figure  6-14  shows  this  comparison  to 
be  very  favourable  (which  should  be  expected  since  equation 
6.14  is  embodied  in  the  development  of  equation  M7  and 
re-emphasizes  the  consistency  in  this  approach  to  kinetic 
modeling.  It  is  more  difficult  to  question  the  appropriate¬ 
ness  of  the  model  equation  M7, since  it  simultaneously  pre¬ 
dicts  rather  well  both  the  reaction  rates  and  the  relative 
coverages  of  the  surface  by  the  reactant.  Now,  one  cannot 
argue  that  the  reactant  species  which  were  present  on  the 
surface  in  sufficient  quantities  to  be  measured  by  infrared, 
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Figure  6 
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14  Comparison  Between  Measured  and  Predicted  Frac¬ 
tional  Coverages  of  the  Surface 
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may  well  have  been  irrelevant  to  the  reaction  mechanism. 
More  exactly,  it  has  been  suggested  that  only  a  small  frac¬ 
tion  of  these  entities  act  as  active  intermediates  in  the 
reaction  mechanism.  In  this  work,  it  is  impossible  to  prove 
or  disprove  this  criticism  because  no  direct  proportionality 
was  observed  between  the  rate  of  reaction  and  the  concentra¬ 
tion  of  adsorbed  alcohol.  However,  if  the  adsorbed  alcohol 
species  observed  by  infrared  are  not  involved  in  the  reac¬ 
tion  mechanism  and  only  act  as  "passive  species",  their 
adsorptive  properties  are  less  likely  to  be  consistent  with 
the  kinetic  model , because  the  latter  is  then  an  incorrect 
model.  In  contradiction  Figure  6-14  shows  clearly  that  the 
adsorption  constant  of  the  "reactive  alcohol  species"  (from 
regression  analysis)  and  of  the  "observed  alcohol  species" 
(from  infrared  absorbance)  are  almost  identical.  This  agre¬ 
ement  strongly  favours  the  direct  involvment  of  the  observed 
reactant  surface  species  in  the  course  of  the  reaction  de¬ 
spite  the  complicated  dependence  of  the  reaction  rate  upon 
their  relative  concentration.  One  satisfactory  explanation 
is  to  postulate  that  the  adsorbed  isopropanol  molecules  are 
only  the  precursors  to  the  true  activated  complex  giving 
propylene  and  water.  These  precursors  formed  on  "less  active 
1  sites  can  either  desorb  or  migrate  on  the  surface  towards 
the  much  smaller  number  of  "true  active  sites"  (1  )  where 

the  adsorbed  molecule  is  further  activated  before  decompos¬ 
ing  into  the  products  of  the  reaction.  This  i nterpretat ion 
on  the  timing  of  the  reaction  mechanism  seems  realistic 
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since  conclusive  evidence  upon  the  mobility  of  the  alcohol 
molecules  on  the  alumina  surface  has  been  provided  in  sec¬ 
tion  2.5. 

6.4.4  Measurement  Of  Batch  Conversions 

The  recycle  loop  was  designed  to  switch  from  open  to 
closed  (or  vice-versa)  operating  modes  instantaneously. 
Starting  from  a  steady-state  operation,  IR  data  were  reco¬ 
rded  continuously  at  a  fixed  chart  speed.  The  1140  cm"1  band 
of  gas-phase  isopropanol  was  calibrated  to  obtain  its  ex¬ 
tinction  coefficient  within  5%  accuracy.  To  monitor  this 
band,  the  reference  side  of  the  cell -reactor  was  positioned 
in  the  sample  side  of  the  infrared  spectrophotometer.  Moni¬ 
toring  this  band  using  single  beam  attenuation  by  the  gas 
phase  provided  the  concentration  of  2-propanol. 

By  eliminating  sampling,  the  mass  of  the  gases  in  the 
loop  remained  constant  during  the  batch  operation.  Because 
the  two  ovens  in  the  loop  operated  at  different  tempera¬ 
tures,  the  constant  volume  loop  is  not  at  a  uniform  tempera¬ 
ture.  This  temperature  gradient  within  the  loop  complicates 
the  determination  of  the  circulating  number  of  moles  at  any 
instant.  The  resolution  of  this  problem  required  some  addi¬ 
tional  experiments. 

To  provide  the  value  of  Mt,  number  of  moles  in  batch 
system  at  time,  t,  the  procedure  requires  Knowledge  of  the 
flow  rate  of  N  entering  an  open  loop  (through  which  only  N 
and  water  are  passed),  and  the  mole  fraction  of  water  in  the 
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feed  at  the  outset  of  the  experiment.  The  reactor  was 
operated  at  the  same  temperature  and  pressure  anticipated  in 
subsequent  Kinetic  runs,  but  with  a  continuous  nonreactive  N 
-H  0  feed  mixture.  At  t=0 ,  the  water  was  switched  off  but  N 
flow  maintained.  The  transient  decay  of  the  contained  water 

in  the  loop  was  determined  by  G.C.  sampling  and  analysis  at 
intervals  of  70  seconds. 

At  time,  t,  the  mass  balance  for  H  0  in  the  reactor  is, 

dx 

M. ( 0-x  )  =  M  - 

dt 

in  which  M  is  the  constant  molar  flow  of  N  through  the  loop. 
Integrating  between  t  =  0  and  t  =  t ,  x  =  x  and  x  =  x  ,  obtain 

M  =  -M . (  t ) /Log ( x  /x  ) 

Applying  this  equation  to  any  transient  period,  t,  should 
give  the  same  value,  Mt.  The  values,  Mt,  so  obtained  were 
averaged  to  give  a  value  for  the  initial  number  of 
moles, Mo, in  the  loop  at  the  start  of  a  batch  run. 

To  develop  the  integral  equation  for  the  batch  reactor, 
consider  the  following  stoichiometric  calculations  for  the 
dehydration  reaction,  A  P+W,  in  which  the  desired  mole 
fraction,  x  ,  is  to  be  expressed  in  terms  of  Mo,  the  origin¬ 
al  number  of  moles  in  the  loop  at  the  start  of  the  batch  re¬ 
actor  operation,  and  Mt,  the  corresponding  number  of  moles 
at  a  time,  t,  later.  Defining, 
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X  =  ( x  -x  ) /x  . ( 1+x  ) 


(6.15) 


and  introducing  this  into  the  isothermal  differential  ma 
terial  balance  equation  for  a  batch  reactor, 


M 


aR  .  ( 1  +bdPA  ) 
W.--A - A - 

(  1+bPA  )2.  (  1+cPw) 


(6.16) 


and  after  substituting  to  eliminate  Mt  and  PA  and  PW,  obtain 


where, 


dt 


M© .  (  1  +b 1  x»  )  2  .  ( c 1  +c  2  xj 
- - A - A  .dt 

W.a1  .xA.  ( 1+x^) 2.  (  1  +d 1  x^  ) 


(6.17) 


a1  =  a . P 

b1  =  1  +  bP  . ( 1+x  ) 

c1  =  1  +  cx  +  cx  P 
c2  =  1  -  c  +  cx  P 
d1  =1  +  dP  . ( 1+x  ) 


Now,  Knowing  the  initial  conditions  for  a  batch  run  and  the 
parameters  a,  b,  c,  d  in  the  rate  expression,  the  five  con¬ 
stants  a1,  b 1 , c 1 ,  c11,  d1  may  be  evaluated.  Mo  was  obtained 
from  the  N  -H  transient  experiment  for  the  same  recycle  loop 
pressure  and  temperature  distribution. 

A  batch  experiment  has  been  plotted  in  the  form,  x  vs 
t,  in  Figure  6-15.  The  experimental  points  show  very  good 
agreement  with  the  predicted  curve  obtained  by  integrating 
equation  (6.18)  numerically.  Two  valuable  points  can  be  made 
from  this  integral  treatment  of  experimental  Kinetics  data. 
First,  the  good  predictions  obtained  in  the  run  of  Figure 
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Figure  6.15  Correlation  of  Batch  Experiment 
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6-15  confirm  first  the  adequacy  of  the  new  Kinetic  model  and 
associated  parameters  which  were  obtained  from  differential 
Kinetic  data.  Secondly,  the  assumption  of  permanent 
quasi -steady-state  in  the  reactor  system  seems  reasonable, 
since  otherwise  substantial  deviations  from  the  predicted 
decay  in  reactant  concentration  should  result  from  the  ina¬ 
dequacy  of  mixing  of  the  recycling  gases  with  the  worKing 
catalyst.  The  slightly  changing  steady-states  mentioned  in 
chapter  5  should  not  be  significant  any  more  since  at  any 
moment  the  G.C.  analysis  can  be  associated  closely  to  an  in¬ 
stantaneous  steady-state  in  the  reactor. 


6.5  Statistical  Discrimination  Between  Alternative  Models 
6.5.1  Kinetic  modelling  in  heterogeneous  catalysis 
A  rigorous  theory  of  heterogeneous  Kinetics  is  unfor¬ 
tunately  not  available,  because  the  surface  of  a  catalyst  is 
not  uniform,  geometrically  or  energetically  and , as  a  result 
the  adsorbate  molecules  may  interact  to  give  adsorption 
energies  that  depend  on  surface  coverage.  To  complicate 
further,  in  homogeneous  Kinetics  one  can  measure  directly 
the  concentrations  of  the  reactive  species,  but  in  hetero¬ 
geneous  Kinetics  , the  surface  concentrations  of  adsorbate 
are  generally  not  measurable.  In  favourable  circumstances 
however , as  in  this  worK,the  measurement  of  the  IR  absorption 
of  adsorbed  species  may  provide  an  indirect  estimate  of  sur¬ 
face  concentrations.  On  top  of  these  difficulties,  the 

investigator  always  assumes  that  the  simple  mass  action  law 
22  740  $|  <- 

is  not  available.  A  blanK  is  provided  as  replacement. 
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applies  to  elementary  surface  reactions,  which  may  not  be 
true  if  the  adsorbed  species  interact. 

Despite  some  of  these  limitations,  the  Hinshelwood 
Kinetic  models  based  upon  the  Langmuir  theory  of  adsorption 
has  provided  a  popular  pragmatic  approach  to  the  correlation 
of  experimental  data  for  heterogeneous  catalytic  reactions. 
Hougen  and  Watson  (163)  pioneered  the  application  of  this 
approach  to  a  variety  of  general  reactions  and  showed  the 
significant  features  of  this  method.  When  applied  to  a  par¬ 
ticular  reaction  system,  the  global  Kinetic  behaviour  can  be 
consistent  with  one  or  more  plausible  models.  If  there  is 
only  one  such  model,  the  investigator  might  accept  this  as 
the  correct  model.  More  often  than  not, on  an  "a  priori"  ba¬ 
sis,  several  models  are  adequate.  This  may  result  from  a 
poor  experimental  design  in  which  the  response  surface  for 
the  reaction  rate  has  been  insufficiently  explored.  Another 
reason  may  also  be  that  the  rate  equations  for  different 
chemically  meaningful  mechanistic  models  are  mathematically 
too  similar,  so  that  a  discrimination  between  them  is  not 
possible  within  the  normal  range  of  experimental  error.  This 
latter  point  is  well  illustrated  in  a  paper  by  Kno  zinger 
(164)  on  the  Kinetics  of  ether  formation  from  alcohols  on 
alumina.  Kinetic  analysis  was  concluded  not  to  be  a  useful 
tool  for  the  elucidation  of  the  mechanism  of  this  reaction. 
Finally,  cases  where  no  single  Langmui r -Hinshelwood  model 
describes  the  Kinetic  behaviour  sat i sfactor i ly  may  occur . 
Changes  required  by  heterogeneity  or  interaction  must  be 
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incorporated  in  the  final  rate  law  to  account  for  the  dis¬ 
crepancies.  The  difficulty  in  such  cases  is  that  a  prion- 
considerations  do  not  reveal  which  model  characteristics  are 
quantitatively  justified.  Finally.it  is  doubtful  wether  a 
unique  truth  concerning  the  way  in  which  a  reaction  actually 
occurs  will  result  from  Kinetic  studies  alone.  Nevertheless, 
there  are  generally  two  methods  for  developing  and  testing 
Kinetic  models.  Empirical  models  may  be  postulated, for  ex¬ 
ample,  by  fitting  arbitrary  power - funct ion  models  to  the 
rate  data.  For  instance,  the  rate  equation  for  the  dehydra- 
tion  of  isopropanol  may  be  written, 


When  applicable,  such  a  simple  model  has  some  advantages. 
The  powers  represent  the  apparent  orders  of  reaction  of  rea¬ 
ctants  and  products . A  Iso, the  dependence  of  K  with  tempera¬ 
ture  provides  means  for  estimating  the  apparent  activation 
energy  of  the  reaction.  Another  practical  point  (165)  is 
that  a  power  rate  law  seems  to  give  a  satisfactory  fit  to 
experimental  data  with  a  minimum  number  of  adjustable  para¬ 
meters  . 

Unfortunately,  many  cases  arise  where  the  data  simply 
cannot  be  fitted  adequately  by  an  equation  of  this  form, for 
instance, when  the  rate  of  reaction  exhibits  a  maximum  with 
reactant  concentration.  This  reversal  at 


some  intermediate 
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concentration  is  not  compatible  with  the  use  of  a  power  law 
term  for  a  reactant.  Other  disadvantages  are  that  it  does 
not  provide  any  insight  into  the  nature  of  the  elementary 
processes  involved  during  the  reaction  ,  and  that  it  is  not 
safe  to  extrapolate  the  range  of  application  beyond  the 
range  of  experimental  data. 

In  another  so  called  "mechanistic  approach",  the  rate 
data  are  correlated  by  using  models  based  upon  plausible  re¬ 
action  mechanisms.  To  do  this,  it  is  common  to  treat  surface 
reactions  in  terms  of  the  fundamental  concepts  advanced  by 
Langmuir  and  Hinshelwood  in  which  the  molecules  may  react 
while  adsorbed,  at  surface  coverages  not  exceeding  a  mono- 
layer.  Once  a  mechanism  and  individual  steps  have  been  post¬ 
ulated,  its  associated  rate  equations  may  be  derivated.  The 
main  advantage  of  using  mechanistic  rate  equations  is  to 
provide  some  understanding  on  the  nature  of  the  reaction. 
Some  cautious  extrapolation  beyond  the  experimental  range 
can  in  principle  be  performed.  The  reason  for  caution  is 
that  outside  the  range  where  the  independent  variables  (com¬ 
positions,  temperature)  are  varied,  the  rate-control  1 i ng 
step  might  change,  thereby  modifying  the  form  of  the  rate 
equation.  However,  modeling  should  be  related  as  closely  as 
possible  to  the  underlying  physico-chemical  phenomena  and 
not  deviate  into  empirical  fitting  because  only  then,  can  we 

expect  to  progress  towards  better  understanding  of  catalysis 
(  166)  . 

When  all  possible  reaction  models  are  listed  within  the 
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assumptions  of  the  Hougen-Watson  scheme,  a  relatively  large 
number  of  models  may  be  generated  for  a  particular  reaction 
system.  For  example,  84  models  have  been  postulated  for  me¬ 
thane  oxidation  (167)  and  47  models  for  ethanol  dehydration 
(168).  A  prohibitive  amount  of  computer  time  is  required  to 
establish  the  best  model.  Besides,  once  the  differences  be¬ 
tween  the  model  estimates  become  smaller  than  the  experi¬ 
mental  error,  no  further  statistical  model  discrimination  is 
justifiable.  In  a  recent  paper  by  Cropley  (169),  the  point 
is  made  that  modern  statistical  methods  are  virtually  li¬ 
mited  to  non-linear  models  of  fewer  than  four  or  five  para¬ 
meters.  As  the  number  of  parameters  is  increased  to  describe 
more  complex  chemistry  more  adequately,  the  ranges  of  the 
reaction  conditions  required  for  the  estimation  of  unique 
parameter  values  correspondingly  widen.  It  may  happen  that 
the  required  range  is  unrealistic  because  the  ratelimiting 
mechanisms  change  before  such  a  range  can  be  reached.  One 
other  danger  of  the  "mechanistic  approach"  is  that  the  most 
appropriate  model  may  not  be  contained  in  the  original  set. 

In  view  of  all  these  interrelated  problems,  it  was 
hoped  in  this  work,  that  all  the  information  accumulated  by 
infrared  spectroscopic  technique  at  the  molecular  rather 
than  the  macroscopic  level,  should  serve  as  a  good  screening 
method  because  the  mechanisms  proposed  according  to  infrared 
data  would  incorporate  more  detailed  knowledge  of  the  pro¬ 
cesses  taking  place  on  the  catalyst  surface.  In  the  follow¬ 
ing  sections  ,  the  superiority  of  the  new  kinetic 
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expression, M7,  developed  previously  will  be  established  in 

comparison  to  rival  Kinetic  models  as  derived  more  conven¬ 
tions  1  ly . 

6.5.2  Correlation  of  kinetic  data  with  other  published  mo¬ 
dels  for  dehydration  of  alcohols 

It  has  been  established  in  the  literature  that  the  sur¬ 
face  reaction  is  the  rate-controlling  step  in  the  dehydra¬ 
tion  of  alcohols  on  alumina  (171).  Therefore,  in  the  follow¬ 
ing  derivations  of  .  rate  equations,  the  cases  where  the 
adsorption  of  the  reactant  or  the  desorption  of  products 
would  be  rate-controlling  were  not  considered.  Since  the  in¬ 
frared  techniquee  did  not  detect  the  presence  of  propylene 
over  the  surface  of  the  catalyst  and  since  the  addition  of 
propylene  in  the  reaching  mixture  did  not  influence  the  rate 
of  reaction,  all  plausible  mechanisms  excluded  the  steps  as¬ 
sociated  with  the  adsorption  of  propylene.  When  the  feed 
consisted  of  propylene  and  water  only,  no  isopropanol  pro¬ 
duct  was  detected.  Accordingly  one  of  the  reaction  steps 
must  be  irreversible  and  since  adsorption  and  desorption  of 
gaseous  reactants  and  products  are  inherently  reversible 
steps,  the  surface  reaction  is  the  most  likely  irreversible 
step.  These  experimental  observations  reduce  considerably 
the  number  of  possible  rate  equations  and  parameters  asso¬ 
ciated  with  a  single  mechanism. 

When  reviewing  some  kinetic  studies  on  various  systems 
that  have  appeared  in  the  literature  (152,164,172,173)  it  is 
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remarkable  that  the  best  proposed  rate  equation  obtained  by 
the  authors  in  their  final  analysis,  always  imply  the  active 
participation  of  a  maximum  of  two  sites,  which  may  be  ident¬ 
ical  or  dissimilar.  In  all  cases,  more  complicated  me¬ 
chanisms  with  three  or  more  sites  have  failed  to  show  any 
improvement  on  the  overall  fit  of  the  experimental  data  and 
indeed  such  mechanisms  are  unlikely  to  occur.  It  seems  wa¬ 
steful  to  start  a  model  discrimination  by  postulating  com¬ 
plicated  multi -parameter  models.  On  the  contrary,  as  sug¬ 
gested  by  Weller  (174),  the  common  approach  should  be  to 
start  with  simple  models  that  can  progressively  be  adapted 

to  meet  the  requirements  of  the  general  kinetic  behaviour 
sat i sf actor i 1 y . 

Following  these  considerat ions , thi s  search  for  an  ade¬ 
quate  Kinetic  model  was  started  by  proposing  five  simple  me¬ 
chanisms  for  the  dehydration  reaction  on  alumina 
( M 1 , M2 , M3 , M4 , M5 ) .  The  mechanisms  are  listed  in  detail  in 
Table  6-4  with  their  associated  rate  expression,  whose  deri¬ 
vation  follows  directly  the  procedure  given  by  Hougen  and 
Watson  (163).  In  the  case  of  M4  and  M5,  the  step-by-step  de¬ 
rivation  can  be  found  in  Appendix  E.  It  is  sufficient  to 
mention  here  that  adequate  assumptions  provided  rate  expres¬ 
sions  with  only  three  adjustable  parameters.  The  three  para¬ 
meters  a,  b,  and  c  in  Table  6-1  correspond  respectively  to 
the  rate  constant  of  the  surface  reaction,  and  the  equili¬ 
brium  adsorption  constants  of  isopropanol  and  water.  It  is 
important  to  realize  that  this  subset  of  five  models  was  not 
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Table  6.4  Published  Simple  3-Parameter  Kinetic  Models  for 

Dehydration  of  Alcohols 

A=2- Propanol ;  P=Propylene;  W=Water; 


(a)  Single-site  mechanism 
A  +  lj  Al» 

*  A 1  - - ^  P  +  Wl, 

W1  — ±  W  +  1 


Ml 


a.b.PA 

r=  - 

1  +  b.PA  +  c.PW 


(b)  Dual  similar  sites  mechanism  M2 

A  +1,  A 1 

,  a.b.PA 

*  A1  +1  - *  P  +  wi  r=  - 

,  (1  +  b.PA  +  c.PW)2 

Wl,  W  +  1  j 

(c)  Dual  dissimilar  sites  mechanism  M3 

A  +  1,  ^  Ali 

a.b.PA 

*  41,  +  1  2.  - V  P  +  W 1 2,  r  =  - 

(  1  +  b.PA) ( 1  +  c.PW) 

wi*  W  +  1  ^ 

(d)  Dual  similar  sites  mechanism  with  dissociative 

adsorption  of  alcohol  M4 

A  +  It  +  1,  A^  +  A^l, 

slow  a  JFTpa 

*  A  V1  v  +  1 ,  — >  P  +  Rl,  r=  - 

(1  +  c.PW  +  2\f  b .PA")  2 

fast 

Rl,  +  A^  Wl  t  +  1, 

W\  W  +  1^ 


* 


indicates  the  rate  determining  step  of  each  mechanism 
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TABLE  6-4  (Continued) 


(e)  Dual  dissimilar  sites  mechanism  with  dissociative 

adsorption  of  alcohol  M5 


A  +  1,  +  1/ 

*  Ai  1.  +  1? 


Aol  +  R 1 


At  1*  +  A91 


2 '2 


■>P  +  Rlt  +  1  *2  r  = 


a  JS  TPXTT+cTpwT 


fast 


H  +  c.PW  +  Jb .  PA  (T+c7pwT)  2 


J  - ~ y?  W  1  2_  +  1  | 

W I2  2^17^  W  +  1 
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chosen  arbitrarily,  but  contained  models  proposed  previously 
by  various  authors  in  the  literature  (see  section  2.5);  and 
on  this  basis  it  appeared  judicious  to  confront  these  models 
with  the  experimental  data  obtained  herein.  In  fact,  from 
the  infrared  evidence  obtained  in  section  6.1,  which  clearly 
established  the  noncompetitive  adsorption  nature  of  water 
and  isopropanol,  one  should  tend  to  favour  M3  as  the  best  of 
the  five  alternatives  since  it  is  the  only  model  to  possess 
this  feature.  However,  the  appearance  of  a  maximum  in  the 
rate  of  reaction  with  increasing  reactant  partial  pressure 
(see  Figure  6-9)  under  certain  conditions  can  not  be  pre¬ 
dicted  by  the  form  of  equation  M3.  This  apparent  contradic¬ 
tion  between  the  infrared  and  Kinetic  evidence  exemplifies  a 
frequent  situation  encountered  in  catalytic  studies,  in 
which  the  overall  aspects  of  a  given  process  are  only  par¬ 
tially  revealed  by  each  individual  method.  The  Kinetic  runs 
tabulated  previously  were  correlated  separately  at  each  of 
the  four  temperatures  studied  with  the  present  five  competi¬ 
tive  models.  The  reasons  for  using  isothermal  data  have  been 
exposed  in  section  6.4.2. 

The  results  are  unsummarized  in  Tables  6-5  to  6-8,  each 
of  which  corresponds  to  one  temperature  of  reaction.  Each 
table  displays  the  values  of  the  3  parameters  together  with 
95%  confidence  limits  and  average  standard  deviation  between 
predicted  and  observed  rates  of  reaction. 

Model  Ml  is  decidedly  i nappropr i ate  since  it  correlates 
most  poorly  at  all  temperatures  and  even  fails  to  converge 


....  ►  -  il_n 

' 
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Table  6.5 


Correlation  of  Some  Published  Kinetic 
Rate  Data  At  231 . 2°C 


Mode  Is  with 


— 

K i net i c 
Mode  1 s* 

a 

b 

c 

Standard 
Devi  at  ion 

— 

Ml 

does  not 

converge 
to  final 

va 1 ues 

M2 

0.0244 

±0.00353 

109.17 

±22.48 

51  .97 
±24.37 

5 . 72x  1  0" 4 

M3 

0.00474 

±0.000665 

13172 

±67988 

58.26 

±23.80 

4 . 45x 1 0" 4 

M4 

0.0405 

±0.00315 

45.44 

±13.63 

51  .29 
±12.58 

2 . 83x 1 0~ 4 

M5 

0.0207 

±0.00152 

134.12 

±30.36 

56.16 

±26.01 

2 . 57x 1 0" 4 

*Models  defined  in  Table  6-1 


-  * 
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Table  6.6  Correlation  of  Some  Published  Kinetic  Models  with 

Rate  Data  At  246. 5°C 


Kinetic 
Mode  1 s* 

a 

b 

c 

Standard 

Deviation 

Ml 

0.00784 

±0.000670 

1551 .37 
±2067.63 

194.85 

±358.29 

1  .31x10-3 

M2 

0.0480 

±0.00400 

59.11 

±6.72 

27.67 

±8.17 

9 . 59x 1 0" 4 

M3 

0.001 

±0.00104 

532.58 

±176.72 

20.85 

±8.25 

9 . 66x 1 0~ 4 

M4 

0.0728 

±0.00548 

8.52 

±2.75 

15.32 

±5.43 

9 . 70x  1 0‘ 4 

M5 

0.0374 

±0.00325 

30.70 
±9.  12 

18.47 

±14.70 

9 . 45x 1 0" 4 

*Models  defined  in  Table  6-1 


t 


\ 
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Table  6.7  Correlation  of  Some  Published  Kinetic  Models  with 

Rate  Data  At  260. 3°C 


Kinetic 
Mode  1 s* 


Standard 

c  Deviation 


Ml 


0-0167  316.08 

±0.00101  ±118.53 


41.37  1.84X10-3 

±29.33 


M2  0.0807  33.04 

±0.00336  ±2.00 


10.98  1.06x10-3 

±2.06 


M3  0.0217  176.44 

±0.00189  ±30.02 


13.67  1.44x10-3 

±4.16 


M4  0.1 44 

±0.0130 


2.41 

±0.83 


6.72  1.90x10-3 

±2.63 


M5 


0.0747  8.76 

±0.00816  ±2.93 


8.76  1.88x10-3 

±8.50 


^Models  defined  in  Table  6-1 
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Table  6.8  Correlation  of  Some  Published  Kinetic  Models  with 

Rate  Data  At  274. 0°C 


Kinetic 

Mode  1 s* 

a 

b 

c 

Standard 

Deviation 

Ml 

0.02994 

±0.0023 

275.68 
±241 .48 

56.45 

±67.55 

3. 16x10-3 

M2 

0.0153 

±0.0112 

18.80 
±1  .96 

8.44 

±2.21 

2.17x10-3 

M3 

0.0440 

±0.00507 

91.20 

±19.35 

11.37 

±3.43 

2.10x10-3 

M4 

0.279 

±0.0304 

1.463 

±0.635 

5.59 

±2.00 

2.77x10-3 

M5 

0.  147 
±0.0201 

-5.01 

±2.06 

7.23 

±6.51 

2.70x10-3 

♦Models  defined  in  Table  6-1 
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at  231. 2°C.  At  246. 5°C  the  four  other  models  fit  the  data 
equally  well,  but  the  superiority  of  M2  is  indicated  by  the 
comparatively  narrower  confidence  limits  of  its  estimated 
parameter  values.  The  same  preference  is  yet  more  pronounced 
at  260. 3°C  where  the  average  standard  deviation  of  the  data 
for  M2  is  almost  half  that  of  the  other  models.  At  the  high¬ 
est  temperature,  the  negative  estimated  value  for  the 
adsorption  constant  of  alcohol  for  M5  is  unrealistic,  and 
according  to  Kittrell  (173),  model  M5  should  be  rejected. 
Overall,  the  dua 1 -simi lar  si tes  mechanism  M2  displays  the 
best  behaviour  on  the  grounds  of  prediction  accuracy  and 
parameter  determination.  This  does  not  signify  however,  that 
model  M2  is  fitting  the  data  adequately. 

Ideally  a  Kinetic  model  is  considered  to  provide  a  good 
fit  when  its  residuals  can  be  explained  as  errors  in  the  ob¬ 
servations.  Reciprocally,  large  residuals  of  a  nonrandom  na¬ 
ture  indicate  immediately  the  poorness  of  fit  of  a  model. 
Nevertheless,  the  Kineticist  should  be  conscious  that  rate 
equations  are  at  best  quasimechani st ic,  because  of  the  nu¬ 
merous  underlying  approximations  required  in  their  deriva¬ 
tion.  In  practical  terms  a  slight  nonrandom  nature  in  the 
residuals  may  be  anticipated.  This  point  is  well  discussed 
by  Bard  (175)  where  he  stated:  "In  cases  where  data  are  very 
accurate,  neglected  minor  effects  (in  the  model)  outweigh 
random  errors  in  measurement.  Consequently,  nonrandomness  of 
residuals  is  the  rule,  rather  than  the  exception,  when  mo¬ 
dels  are  fitted  to  good  data".  Careful  judgment  by  the 
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experimenter  is  therefore  required  in  accepting  or  rejecting 

models,  even  more  so,  since  the  statistical  methods  he  may 

intend  to  use  in  his  analysis  are  invariably  only  approxim- 
ate  methods. 

The  predictions  of  a  few  selected  subsets  (T1A,T4A  and 
T4B )  of  the  Kinetic  data  obtained  in  this  thesis  by  the  mo¬ 
dels  M2,  M3,  and  M4  are  displayed  in  Figure  6-16  and  6-17. 
Both  at  the  lower  and  the  higher  temperatures,  the  large 
systematic  trends  in  the  residuals  indicate  that  the  model¬ 
ing  error  far  exceeds  the  experimental  error.  Up  to  this 
point, from  examining  Figures  6-16  and  6-17  the  models  tested 
must  be  either  rejected  or  at  least  modified  to  include 
those  effects  observed  in  their  residuals. 

These  poor  correlations  are  surprising,  considering 
that  each  of  these  models  had  been  selected  by  previous 
workers  studying  the  dehydration  of  alcohols  on  alumina! 
Most  astonishing  are  the  discrepancies  between  these  results 
and  the  ones  obtained  by  Chuang  under  exactly  the  same  con¬ 
ditions.  At  the  time,  model  M3  was  found  to  correlate  the 
dehydration  rates  of  isopropanol  on  alumina  almost  perfectly 
at  252°C.  In  this  study,  model  M3  is  not  adequate  at  any  te¬ 
mperature  but  also,  could  be  rejected  in  favour  of  M2. 

In  the  previous  3-parameter  models,  the  predicted  rates 
had  only  3  degrees  of  freedom  and  this  might  have  caused  the 
major  shortcomings  of  the  models.  Following  Kittrell's  prin¬ 
ciple  of  "parsimonious  paramet i zat ion" ,  one  can  hope  to  ob¬ 
tain  a  model  just  sufficiently  complex  to  appropr i ately  fit 
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Figure  6.16  Misfit  of  Published  Models  at  231. 2°C 


RiioSar  Feed  Rate  of  2. Propanol  (gmo!  x  100/h) 


216 


(M/00 1-  x  [oujB)  uojjoeey  jo 


sz 

o 


o 


CM 

^saca 

o 


C£J 

fT 


0) 

LU 

l. 


§ 


Figure  6.17  Misfit  of  Published  Models  at  260. 3°C 
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the  data . However ,  useful  observations  may  be  extracted  from 
the  behaviour  of  the  individual  models  tested  thus  far.  The 
participation  of  two  sites  in  the  reaction  process  can  be 
inferred  from  the  somewhat  better  behaviour  of  the  asso¬ 
ciated  rate  equations  M2  and  M3.  On  the  other  hand,  the  con¬ 
cept  of  a  dissociative  adsorption  of  alcohol  on  the  surface 
had  a  rather  detrimental  effect  on  the  predictions  of  M4  and 
M5  as  compared  to  M2  and  M3  and  will  be  discarded. In  conclu¬ 
sion,  models  M2  and  M3  provide  crude  basic  mechanisms  which 

may  possibly  be  improved  by  increasing  their  complexity  ju¬ 
dicious  ly . 

6.5.3  Correlation  of  improved  published  models 

The  concept  developed  in  section  6.3  and  accounting  for 
the  possible  increasing  interaction  of  adsorbed  reactant  mo¬ 
lecules  with  increasing  coverage  is  not  restricted  to  a  dual 
dissimilar  sites  mechanism.  It  can  be  readily  incorporated 
in  the  case  of  a  single-site  and  dual  similar-sites 
mechanisms. The  derivation  of  the  associated  rate  equations 
M8  and  M9  is  straightforward  and  given  in  Appendix  E.  Model 
M10  in  Table  6-9  differs  from  M7  by  the  introduction  of  an 
additional  parameter  reflecting  the  uni ikely  competi tive 
adsorption  of  water  on  the  alcohol  adsorption  sites.  The 
purpose  of  i ncorporat i ng  this  model  was  to  check  whether  the 
information  generated  by  infrared  spectroscopy  was  consi¬ 
stent  with  the  kinetic  results.  A  good  agreement  between  the 
two  independent  methods  may  be  inferred  if  the  additional 
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Table  6.9  Modified  Langmui r-Hinshelwood  Models 

(a)  Modified  dua 1 -di ssimi 1 ar  sites  mechanism:  M7 

a.b.PA  ( 1  +  b.d.PA) 

(1  +  b . PA ) 2  (1  +  c.PW) 

(b)  Modified  dual-similar  sites  mechanism:  M8 

a.b.PA  (1  +  c.PW  +  b.d.PA) 

(1  +  b. PA  +  c.PW)3 

(c)  Modified  single  site  mechanism:  IVig 

a.b.PA  (1  +  c.PW  +  b.d.PA) 

(1  +  b. PA  +  c.PW)2 

(d)  Modified  dual  dissimilar  sites  mechanism  with 

additional  competitive  adsorption  of  water:  M10 

a.b.PA  (1  +  c.PW  +  b.d.PA) 

(1  +  b. PA  +  c. PW) 2  (1  +  c. PW) 

(e)  Dua 1 -di ssimi 1 ar  sites  mechanism  with  alcohol  adsorbed 

on  both  sites:  Mil 


a.b.PA 

( 1  +  b. PA)  (1  +  c. PW  +  d. PA) 


•v 
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parameter  will  not  differ  significantly  from  zero  after  cor¬ 
relating  the  data.  The  last  model  Mil  listed  in  Table  6-7 
conforms  more  strictly  to  the  normal  Langmuir-Hinshelwood 
approach.  Since  by  infrared  we  were  not  able  to  measure  with 
sufficient  accuracy  the  adsorption  of  water  during  reaction, 
it  remains  plausible  that  some  of  the  alcohol  displaces  the 
water  from  its  adsorption  sites,  e.g.,  by  forming  alKoxide 
species  on  the  Lewis-acid  sites  of  the  surface.  The  corre¬ 
sponding  equation  Mil  also  contains  four  adjustable  paramet¬ 
ers  and  can  be  incorporated  as  a  plausible  model  in  the  dis¬ 
crimination  procedure.  Each  of  the  five  models  of  Table  6-7 
was  used  to  fit  the  experimental  isothermal  data  tabulated 
in  Appendix  E.  The  results  of  the  correlation  are  summarized 
in  Tables  6-8  to  6-11  which  are  analogous  to  Tables  6-2  to 
6-5  of  section  6.4.1. 

i he  examination  of  the  tables  reveals  a  clear  super¬ 
iority  of  M7  over  the  rival  equations  M8  and  M9 .  At  all  te¬ 
mperatures  investigated,  the  average  standard  deviation  of 
the  residuals  is  about  twice  smaller  for  M7  and,  the  dif¬ 
ference  would  be  still  much  more  significant  if  the  maximum 
deviations  between  measured  and  predicted  rates  had  been 
considered.  By  looking  more  closely  at  the  tables,  and  com¬ 
paring  M8  and  M9  with  the  previous  equations  Ml  and  M2,  one 
may  conclude  that  the  introduction  of  the  concept  developed 
in  this  thesis  does  not  bring  much  improvement  on  the  predi¬ 
ctive  behaviour  of  the  single-site  and  dual-similar  sites 
models.  On  the  other  hand,  when  the  results  of  the 
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Table  6.10  Correlation  of  Modified  Kinetic  Models  with  Rate 

Data  At  231  . 2°C 


Kinetic 

Models* 

a 

b 

c 

d 

Standard 

Deviation 

M7 

0.0179 

±0.00166 

191.2 

±38.8 

56.62 

±10.56 

0.191 

±0.035 

2 . 07x  1 0” 4 

M8 

0.0244 

±37.0 

109.14 

±165409 

51.97 

±24.91 

0.999 

±3029 

5 . 84x 1 0" 4 

M9 

0.00966 

±0.00405 

1189.6 

±7127 

485.95 

±3164.6 

0.291 

±0.204 

7 . 48x 1 0“ 4 

M 1 0 

0.0178 

±0.00153 

223.73 

±57.84 

54.75 

±9.55 

0.  188 
±0.032 

24.75 

±27.03 

1  . 90x 1 0“ 4 

Mil 

0.00662 

±0.00099 

983.27 

±512.70 

67.63 
±17.  16 

10.86 

±4.70 

2 . 57x 1 0“ 4 

^Models  defined  in  Table  6-7 
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Table  6.11  Correlation  of  Modified  Kinetic  Models  with  Rate 

Data  At  246. 5°C 


Kinetic 
Mode  1 s* 


M7 


M8 


M9 


M 1 0 


Mil 


a 

b 

c 

d 

Standard 

Deviation 

0.0368 

±0.00305 

78.60 

±9.82 

27.67 

±4.48 

0.170 

±0.035 

4 . 22x 1 0* 4 

0.048 

±17.28 

49.14 

±21309 

27.66 

±8.62 

1.000 

±721 

9 . 69x 1 0" 4 

0.0187 

±0.0065 

294.62 

±275.47 

104.01 

±136.11 

0.368 

±0.197 

1.30x10-3 

0.0369 

±0.00283 

72.65 

±9.28 

28.  18 
±4.27 

0.172 

±0.0325 

24.75 

±4.77 

3 . 98x 1 0" 4 

0.0158 

±0.00263 

229. 12 
±61.45 

33.84 

±9.05 

9.  17 
±3.70 

6.03x10-4 

^Models  defined  in  Table  6-7 
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Table  6.12  Correlation  of  Modified  Kinetic  Models  with  Rate 

Data  At  260. 3°C 


Kinetic 

Models*  a  b 


Standard 

Deviation 


M7 

0.0697 

±0.00550 

38.  18 
±4.25 

15.17 

±2.23 

0.156 

±0.0448 

7 . 30x 1 0' 4 

M8 

0.0808 

±29.87 

33.03 

±12215.9 

10.97 

±2.10 

1.00 

±739 

1  .  07x10-3 

M9 

0.0492 

±0.00769 

68.8 

±21.92 

33.93 

±17.18 

0.  197 
±0.103 

1 .53x10-3 

M 1  0 

0.0701 

±0.0057 

37.66 

±4.78 

15.59 

±2.92 

0.  157  -0.820 
±0.045  ±3.37 

7 . 34x 1 Q- 4 

Mil 

0.0377 

±0.00695 

77.65 
±18. 16 

18.67 

±4.04 

10.17 

±3.82 

9 . OOx 1 0" 4 

^Models  defined  in  Table  6-7 


223 


Table  6.13  Correlation  of  Modified  Kinetic  Models  with  Rate 

Data  At  274. 0°C 


Kinetic 
Mode  1 s* 

a 

b 

c 

d 

Standard 

Deviation 

M7 

0.  125 
±0.0179 

22.90 

±4.74 

11.80 

±2.35 

0.225 

±0.0866 

1 .42x10-3 

M8 

0.  152 
±120 

18.79 

±14862 

8.44 

±2.27 

1  .000 
±1580 

2.20x10-3 

M9 

0.0703 

±0.0272 

70.67 

±59.74 

39.38 

±37.55 

0.343 

±0.260 

3.11x10-3 

Mil 

0.0632 

±0.0142 

51.74 

±15.84 

13.70 

±3.62 

3.75 

±2.34 

1.60X10-4 

^Models  defined  in  Table  6-7 
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regression  analysis  are  compared  between  M3  and  M7 ,  it  ap¬ 
pears  that  in  addition  to  a  much  tighter  fit,  the  three  ana¬ 
logous  parameters  of  the  two  models  are  better  defined  in 
the  case  of  the  four  parameter  equation.  This  is  more  pro¬ 
nounced  at  the  lowest  temperatures.  The  proposal  of  a 
dual-dissimilar  sites  mechanism  as  suggested  by  the  infrared 
observations  seems  now  corroborated  by  the  Kinetic  data 
This  was  by  no  means  apparent  when  we  only  considered  the 
simple  published  Langmui r -H i nshe Iwood  models  of  section 
6.5.1.  The  important  point  to  see  at  this  stage  of  the  dis¬ 
crimination  procedure,  is  that  the  agreement  on  the  partici¬ 
pation  of  two  different  sites  could  only  be  unveiled  by  the 
introduction  of  the  so  called  "steric  factor"  of  section 
6. 3. Without  it,  the  statistical  analysis,  no  matter  how  so¬ 
phisticated,  would  have  led  us  to  incomplete  and  erroneous 
conclusions,  which  illustrates  the  danger  of  omitting  adequ¬ 
ate  models  at  the  start  of  a  model  discrimination.  In  fact, 
all  statistical  discrimination  techniques  are  developed  on 
the  basic  assumption  that  one  adequate  model  must  be  con¬ 
tained  among  the  rival  models  to  be  discriminated.  It  is  no¬ 
teworthy  that  after  the  regression  analysis  is  completed  for 
M10,  no  substantial  improvement  on  the  residuals  appears  and 
the  estimated  value  of  the  adsorption  constant  of  water  on 
the  alcohol  sites  does  not  differ  significantly  from  zero. 
Indeed  slightly  negative  values  are  obtained,  which  is  unre¬ 
alistic  according  to  the  Hougen- Watson  scheme,  while  the  va¬ 
lues  of  the  other  parameters  remain  practically  the  same.  We 
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conclude  that  the  infrared  evidence  of  section  6.1  is  "sta¬ 
tistically"  verified  by  the  Kinetic  data.  Finally,  both  mo¬ 
dels  M7  and  Mil  are  related  to  a  dual  dissimilar  sites  me¬ 
chanism,  but  the  nature  of  the  autoi nhibi t i ng  effect  of  al¬ 
cohol  is  different  as  stated  before.  Model  Mil  is  the  best 
classical  Langmui r-Hinshelwood  model  proposed  so  far,  and 
could  be  selected  as  the  most  adequate  model  in  a  conven¬ 
tional  analysis.  Nevertheless,  the  new  type  of  rate  equation 
M7  derived  in  this  thesis  fits  the  data  closely  at  all  te¬ 
mperatures.  The  superiority  of  M7  is  further  stressed  by  the 
narrower  relative  confidence  intervals  of  the  estimated 
parameters.  This  latter  argument  is  of  paramount  importance 
in  model  selection  since  it  is  linked  directly  to  the  volume 
of  the  confidence  region  in  parameter  space  (173).  The  smal¬ 
ler  this  confidence  region,  the  more  Knowledge  is  contained 
in  the  model.  This  constitutes  a  direct  measure  of  the  in¬ 
formation  attached  to  a  particular  model  (175).  In  effect, 
the  ability  of  a  model  to  generate  information  is  one  of  its 
most  important  tests  of  adequacy.  Intuitively,  it  is  always 
conceivable  to  use  an  empirical  model  with  enough  parameters 
that  will  fit  a  set  of  experimental  data.  The  problem  then 
is  that  by  adding  parameters  we  will  invariably  expand  the 
volume  of  the  confidence  region  and  lose  information  on  the 
individual  adjustable  parameters.  This  discussion  renders 
the  superiority  of  M7  over  all  its  rival  candidates  more 
evident.  In  the  next  section,  we  will  comment  upon  the  lin¬ 
ear  dependence  between  the  average  reactivity  of  the 
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adsorbed  molecules  of  alcohol  and  their  fractional  coverage. 
Up  to  now,  this  has  been  postulated  arbitrarily  for  conven¬ 
ience  and  a  sensitivity  analysis  of  the  form  of  this  depen¬ 
dence  should  be  done  for  completeness. 

6.5.4  Final  model  selection  and  considerations  on  the  form 
of  the  autoinhibi t ing  dependence 

A  priori  there  was  no  fundamental  reason  for  choosing  a 
linear  negative  dependence  between  the  average  reactivity  of 
alcohol  in  the  adsorbed  phase  and  its  relative  coverage.  One 
method  to  test  for  its  validity  consists  of  trying  other 
forms  of  the  dependence  and  comparing  their  behaviour.  Fi¬ 
gure  6-18  is  a  plot  for  a  variety  of  dependencies  between  I 
and  0.  On  this  plot  the  values  of  I  have  been  fixed  at  1  and 
0.2  at  zero  coverage  and  saturation  since  these  are  close  to 
the  regression  results  of  the  previous  section.  According  to 
what  was  discussed  in  section  6.3,  the  additional  steric 
parameter  d  is  therefore  fixed  at  0.2.  The  appropriate  ster¬ 
ic  equations  and  associated  rate  expressions  are  summarized 
in  Table  6-14.  The  results  of  the  parameter  estimation  are 
tabulated  in  Appendix  E  for  each  of  the  five  models  of  Table 
6-14.  Unfor tunately , i t  is  impossible  from  the  analysis  of 
the  data  to  determine  which  steric  dependency  is  more  appro¬ 
priate.  The  residuals  remain  of  comparable  values  for  the 
five  regression  equations  considered  here.  Similarly,  the 
confidence  regions  of  the  individual  parameters  are  of  simi¬ 
lar  relative  magnitude  for  each  model.  It  may  act  as  a 


Average  Reactivity  S 


227 


Figure  6.18  Other  Dependencies  of  Reactivity  of  Adsorbed 
Alcohol  with  Fractional  Coverage 
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Table  6.14  Kinetic  Models  For  Various  Forms  of  the  Autoinhi¬ 
bition  Dependency 

TABLE  6-12 


KINETIC  MODELS  FOR  VARIOUS  FORMS  OF  THE 
AUTOINHIBITION  DEPENDENCE* 


Kinetic  Models  Steric  Equation  Rate  Equation 


M7 


I  =  ( d  -  1  )  + 1 


a.b.PA  (1+b.d.PA) 
(1+b.PA)2  (1+c.PW) 


M 1 2 


I  =d 


b.  PA 

a.b.PA  d  - 

1+b.PA 


(1+b.PA)  (1+c.PW) 


M 1  3 


I =2- ( 2~d ) 


b.  PA 

a.b.PA  2-(2-d)  - 

1+b.PA 


(1+b.PA)  (1+c.PW) 


M 1 4 


I  =  ( d- 1 ) 2+1 


a.b.PA  ( 1 +2bPA+db 2 P A 2 ) 
(1+b.PA)3  (1+c.PW) 


M 1 5 


I = ( 1 -d ) 2-2 ( 1 -d )  +1 


abPA ( 1+2bdPA+b2dPA2 ) 
(1+bPA)3  (1+cPW) 


*See  plot  in  Figure  6-18 
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surprise  that  the  important  deviations  displayed  on  Figure 
6-10  between  the  different  dependencies  are  not  reflected  in 
the  nonlinear  regression  analysis.  Some  deeper  considera¬ 
tions  will  help  to  explain  this  apparent  anomaly. 

It  is  well  Known  that  both  the  experimental  as  well  as 
the  modelling  errors  are  reflected  in  the  uncertainty  of  the 
values  obtained  for  the  different  model  parameters.  In 
direct  connection  to  our  discussion,  the  parameter  d  (I  at 
full  coverage)  is  not  single  valued  (deterministic  variable) 
but  can  only  be  defined  within  a  margin  of  error  (stochastic 
variable).  This  uncertainty  in  turn  tends  to  hide  or  to  nar¬ 
row  the  theoretical  deviations  observed  between  the  dif¬ 
ferent  curves  of  Figure  6-10,  cor respondi ng  to  a  Known  fixed 
value  of  d  (0.2).  Also,  it  can  be  seen  in  Appendix  E  that 
there  is  always  a  rather  strong  correlation  coefficient  be¬ 
tween  the  parameters  b  and  d  due  to  the  nature  of  their  con¬ 
fidence  regions.  This  problem  has  been  pointed  out  by  Kit- 
trell  et  al .  (177)  where  the  character i st i ca 1 ly  elongated 
shape  of  the  hyperellipsoids  associated  with  the  parameters 
of  hyperbolic  type  models  has  been  substantiated.  The  in¬ 
herent  functional  form  of  the  Hougen-Watson  models  under  in¬ 
vestigation  was  the  source  of  this  behaviour.  In  our  case, 
the  relative  coverage  depends  directly  on  the  value  of  b  ac¬ 
cording  to  the  Langmui r- type  isotherm  (  =bP/(1+bP)).  When  we 
defined  the  value  of  d  as  in  this  thesis,  we  inevitably  cre¬ 
ate  a  strong  correlation  between  b  and  d.  Practical ly, this 
means  that  by  maKing  suitable  compensating  changes  in  the 


, 
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values  of  the  two  parameters,  different  values  of  b  and  d 
are  obtained  that  agree  almost  as  well  with  the  data.  The 
important  deviations  illustrated  on  Figure  6-18  become  much 
less  predominant  when  the  values  of  b  and  d  can  be  indepen¬ 
dently  adjusted.  Combined  with  the  different  sources  of  er¬ 
ror,  this  correlation  effect  constitutes  the  main  reason  why 
it  is  impossible  to  discriminate  between  the  different  forms 
of  the  coverage  hindrance  dependence  in  this  work.  In  fact  a 
detailed  simulation  study  would  probably  show  that  experi¬ 
mental  data  of  unrealistic  accuracy  .and  reproducibility 
would  be  required  to  resolve  this  discrimination  problem. 
Besides,  it  is  certain  that  in  any  real  kinetic  study,  the 
models  proposed  are  at  best  approximate  and  there  is  no 
point  in  further  trying  to  discover  the  exact  continuous  de¬ 
pendency  between  the  average  reactivity  of  adsorbed  reactant 
at  all  coverages.  The  overall  sensitivity  of  the  data  (rate 
surface  response)  is  satisfactorily  reflected  by  incorporat¬ 
ing  the  additional  coverage  hindrance  factor  d  as  in  the 
form  of  model  M7 .  This  latter  model  is  now  selected  as  the 
best  plausible  model  for  the  dehydration  of  isopropanol  on 
a  1 umi na . 
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7.  CONCLUSIONS  AND  RECOMMENDATIONS 
7.1  Conclusions 

1 ' An  improved  infrared-cell  recycle  flow  reactor  has 
been  designed  which  enables  simultaneous  measurement  of  the 
reaction  rates  as  well  as  infrared  spectra  of  adsorbed  spe¬ 
cies  under  reaction  conditions.  Although  the  technique  is 
not  novel,  the  improvements  in  the  technique  enable  consi¬ 
derably  better  quality  experimental  data  to  be  measured.  The 
apparatus  distinguishes  by  substantially  improved  gas-solid 
contact,  considerable  reduction  in  temperature  gradients  in 
the  infrared  reaction  cell  for  better  isothermal  conditions 
in  the  ractin  zone,  and  by  the  elimination  of  undesired  ef¬ 
fect  of  absorbance  of  infrared  radiation  by  gaseoue  com- 
punds . 

2 . The  merit  of  the  improved  cell “recycle  rector  was  de¬ 
monstrated  by  a  study  of  the  mechanism  and  Kinetics  of  iso¬ 
propanol  on  alumina.  An  additional  important  advantage  of 
this  approach  is  thah  it  enables  the  direct  observation  of 
the  relative  coverages  of  the  catalyst  by  the  alcohl  during 
the  dehydration  reaction.  The  adsorbed  molecules  are  suffi¬ 
cient  in  number  to  enable  quantitative  detection  by  the  in¬ 
frared  detector  at  temperatures  where  the  rates  of  reaction 
can  also  be  measured  conveniently  in  the  laboratory.  By  con¬ 
trast,  in  normal  Kinetic  studies  inferences  concerning  the 
physico-chemical  processes  taKing  place  on  the  catalyst  are 
only  obtained  by  indirect  means. 
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3. On  the  basis  of  surface  spectra  obtained  during  reac¬ 
tion  conditions, the  dehydration  of  2-propanol  appear  to  in¬ 
volve  the  participation  of  two  different  types  of  sites;  one 
for  the  alcohol  adsorption  sites  and  the  other  for  water 
adsorption.  The  water  adsorption  sites  (Lewis  acid-base 
pairs)  are  involved  during  the  rate-determining  step  of  the 
process.  On  the  other  hand,  no  linear  dependency  was  ob¬ 
served  between  the  adsorbed  alcohol  molecules  and  the  rates 
of  reaction  except  at  low  coverages. 

4. The  use  of  the  simultaneous  IR  spectra-ki net i cs  tech¬ 
nique  also  enables  the  role  of  specific  sites  to  be  assessed 
by  blocking  them  under  reaction  conditions.  For  example,  the 
role  of  Lewis-acid  sites  was  studied  by  adding  pyridine  to 
the  reactor  feedstream  -pyridine  is  known  to  block 
Lewis-acid  surface  sites  and  would  thus  be  expected  to  inhi¬ 
bit  the  reaction  rate  if  Lewis-acid  sites  are  involved  in 
the  reaction  mechanism, 

5. Similarly,  stable  carboxylate  species  formed  on  the 
surface  strongly  deactivate  the  catalyst.  Because  these  spe¬ 
cies  are  formed  on  Lewis  acid-base  pairs  of  sites  on  the 
surface,  it  may  be  deduced  that  Lewis  acid-base  pairs  of 
sites  constitute  the  active  portions  of  the  alumina  surface 
towards  alcohol  dehydration. 

6. On  the  other  hand,  the  population  of  adsorbed  alcohol 
molecules  was  not  significantly  influenced  by  the  presence 
of  water  or  pyridine,  or  by  surface  carboxylate  species. 
Therefore  the  initial  interaction  of  isopropanol  molecules 
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with  the  surface  does  not  seem  to  involve  Lewis  acid-base 
pairs.  It  was  also  established  by  infrared  that  these  alco¬ 
hol  molecules  interact  with  the  surface  OH  groups. 

7 .  The  derivation  of  Kinetic  models  according  to 
Langmui r-Hinshelwood  theory  fgai led  to  generate  rate  expres¬ 
sions  which  could  correlate  the  experimental  reaction  rates 
adequately.  In  addition  i nf rared-based  evidence  showed  a 
maximum  in  the  rate  of  dehydration  at  intermediate  alcohol 
concentrations.  Accordingly,  one  basic  assumption  in  the 
Langmui r-Hinshelwood  approach,  namely  no  interaction  between 
adsorbed  molecules,  was  concluded  to  be  inappropiate  for 
this  rection  system.  By  assuming  a  simple 
coverage- interact  ion  dependency  between  the  adsosbed  alcohol 
molecules,  it  was  possible  to  derive  new  rate  equations  for 
different  mechanisms.  Among  these  modified  models,  only  the 
one  cor r espond i ng  to  a  dual -di ssimi 1 ar  sites  mechanism  was 
found  to  correlate  the  Kinetic  data  adequately. 

8.  The  origin  of  the  autoinhibition  effect  by  the 
adsorbed  reactant  species  could  be  explained  on  steric 
grounds.  The  accessibility  to  the  second  type  of  sites  in¬ 
volved  in  the  proposed  reaction  mechanism  may  be  sterically 
hindered  when  such  sites  are  surrounded  by  an  increasing  po¬ 
pulation  of  neighbouring  adsorbed  alcohol  molecules.  As  ex¬ 
pected,  the  autoinhibition  parameter  was  found  to  be  a  func¬ 
tion  only  of  coverage  since  it  did  not  vary  significantly 
with  temperature.  The  mechanism  of  the  process  thus  appears 
to  be  complicated,  but  the  predictive  behaviour  of  standard 
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Kinetic  models  was  improved  considerably  by  the  incorpora- 
tion  of  the  autoinhibi ting  factor. 

r=ab . P  .(1+bd.P  )/(1+c.P  ).(1+b.P  )2 

9 .  The  use  of  very  thin  catalyst  wafers  exposed  to  flow¬ 
ing  recycled  gases  on  both  faces  enabled  measurement  of  re¬ 
action  rate  free  of  both  inter  and  intra-particle  diffusion 
effects.  Operation  at  relatively  high  conversion  and  space 
velocities  makes  the  apparatus  a  very  effective  tool  for 
kinetic  studies  in  the  laboratory. 

10.  Provided  the  rates  of  reaction  are  not  too  fast,  the 
apparatus  could  be  advantageously  used  in  batch  operation. 
Infrared  analysis  through  the  reference  cell  enables  con¬ 
stant  monitoring  of  the  recycled  gases. 


7 . 2  Recommenda  t i ons 

1-In  future  work,  the  difficulties  encounterd  in  this 
work  in  using  the  same  syringe  pumps  to  feed  liquids  to  a 
rection  system  should  be  reconsidered .  Very  accurate  data 
are  attainable  if  the  G.C.  response  factors  of  the  relevant 
compounds  have  been  carefully  calibrated.  However,  it  was 
also  demonstrated  that  although  the  flowrates  delivered  by 
the  syringe  feeder  show  good  reproduci bi 1 i ty  over  periods  of 
a  few  hours,  the  feed  rates  may  fluctuate  from  time  to  time 
due  to  the  slipping  of  the  gears  driving  the  syringe  pump. 
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2. Although  a  reliable  method  for  eliminating  the 
gas-phase  absorbance  has  been  developed,  the  range  of  appli¬ 
cation  of  the  technique  for  measuring  adsorption  during  re¬ 
action  conditions  could  be  greatly  enlarged  by  using  a  high¬ 
er  performance  IR  spectrophotometer . 

3. In  order  to  be  able  to  use  the  infrared  results  quan- 
tatively,  like  inferring  a  number  for  the  molecules  adsorbed 
on  the  catalyst,  it  is  neceesary  to  estimate  the  value  of 
the  extinction  coefficient  of  at  least  one  of  the  surface 
absorption  bands.  This  could  be  done,  by  performing  indepen¬ 
dent  gravimetric  studies  with  a  microbalance.  The  number  of 
alcohol  molecules  present  on  the  surface  could  thus  be  esti¬ 
mated.  In  similar  conditions,  the  infrared  spectra  of  the 
catalyst  could  be  recorded  allowing  to  correlate  the  number 
of  adsorbed  species  with  their  infrared  absorbance. 

4. Another  potential  refinement  would  be  to  slightly  mo¬ 
dify  the  existing  cells  to  permit  the  attainment  of  higher 
pretreatment  temperatures .  This  could  be  achieved  by  adding 
another  heater  around  the  middle  section  of  the  reaction 
cell  where  the  wafer  is  located.  Pretreatment  temperatures 
as  high  as  550-600  c  may  be  very  beneficial  to  regenerate 
catalysts  such  as  alumina  which  can  be  poisoned  with  very 
stable  species  such  as  carboxylates  on  their  surface. 
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NOMENCLATURE 


A 

A 

C 

c 

c 

D 

F 

F 

K 

K 

K 

K 

1 

L 

M 

P 

r 

R 

T 

x 

X 


Specific  external  catalyst  surface  area(cm2) 

G.C.  peak  area  of  component  i 
Concentration  of  reactant  in  reactor  (g-mol/cc) 
Concentration  of  reactant  in  feedstream  (g-mol/cc) 
Concentration  of  reactant  near  catalyst  surface 
Effective  diffusivity 

Molar  flowrate  entering  the  reactor  (mol/h) 

Molar  flowrate  of  component  i 
Rate  constant  of  surface  reaction 
Adsorption  constant  of  alcohol 
Adsorption  constant  of  water 
Gas  diffusion  coefficient 
1  Dual -dissimi lar  surface  sites 
L  Total  number  of  active  sites 
Molecular  weight 

Partial  pressure  of  component  i  (atm) 

Rate  of  reaction  (g-mol/g-h) 

G.C.  response  factor  of  component  i 
Temperature  (K) 

Molar  fraction  of  component  i 
Fractional  conversion  of  alcohol  reactant 
Fractional  coverage  of  catalyst  surface 
Tortuosity  factor 
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SYRINGE  PUMP  CALIBRATIONS 

Calibration  points  were  determined  for  all  pump  and 
syringe  combinations.  Distilled  water  was  used  as  the  cali¬ 
bration  fluid.  Each  calibration  point  was  determined  as  fol¬ 
lows.  The  water  ejected  through  the  syringe  needle  was  col¬ 
lected  in  a  25  ml  pycnometer  submerged  in  an  ice-water  bath 
to  prevent  the  loss  of  water  due  to  evaporation.  From  the 
elapsed  time  and  the  weight  of  water  injected  a  volumetric 
flow  rate  (given  the  density  of  water)  was  calculated.  The 
duration  of  each  calibration  run  was  between  one  and  three 
hours.  Each  piston  speed  was  calibrated  three  or  four  times 
in  such  a  way  that  the  whole  range  of  piston  travel  was  co¬ 
vered.  The  discussion  of  the  results  was  reported  in  section 
5.5.  The  calibration  points  for  various  combinations  of 
pumps  and  syringes  are  listed  in  Tables  A.1  to  A. 3. 


TABLE  A-1 
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SYRINGE  PUMP  CALIBRATION  POINTS* 


Setting 

Run  Duration 
(mn ) 

Flow  Rate 
(ml/mn) 

Average 
(ml/mn ) 

30/1000 

60 

0.0261 

0.02612 

87 

0.02614 

75 

0.02653 

78 

0.0257 

40/1000 

63 

0.03513 

0.03451 

91 

0.03488 

92 

0.0341 

94 

0.0339 

50/1000 

62 

0.04417 

0.04377 

77 

0.0436 

108 

0.04288 

66 

0.04443 

60/1000 

143 

0.05274 

0.05256 

92 

0.0529 

84 

0.05203 

70/1000 

64 

0.0615 

0.06124 

61 

0.06152 

81 

0.0607 

80/1000 

62 

0.07085 

0.0707 

91 

0.07049 

63 

0.07075 

90/1000 

89 

0.07956 

0.07937 

67 

0.07909 

30 

0.07945 

*Syringe  Pump  Number  1  and  50  cc  syringe 


TABLE  A -2 

SYRINGE  PUMP  CALIBRATION  POINTS 
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Sett i ng 

Run  Duration 
(mn ) 

Flow  Rate 
(ml /mn ) 

Average 
( m 1 /mn ) 

30/1000 

83 

0.01244 

0.01256 

89 

0.01291 

87 

0.01233 

40/1000 

112 

0.01658 

0.0167 

88 

0.01701 

89 

0.0165 

50/1000 

68 

0.02096 

0.02116 

55 

0.0218 

69 

0.02072 

60/1000 

92 

0.02531 

0.02526 

100 

0.02508 

63 

0.02540 

70/1000 

71 

0.02936 

0.02933 

59 

0.02906 

55 

0.02958 

80/1000 

81 

0.03400 

0.03384 

58 

0.03338 

70 

0.03414 

90/1000 

79 

0.03823 

0.03845 

5 1 

0.03781 

53 

0.03930 

15/100 

33 

0.05918 

0.05968 

63 

0.05999 

41 

0.05987 

20/100 

38 

0.0817 

0.0819 

41 

0.0817 

34 

0.0823 

25/100 

40 

0.1042 

0. 1039 

44 

0. 1034 

37 

0. 1043 

w  ** 

j 
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TABLE  A-2  (CONTINUED) 


Sett i ng 

Run  Duration 
(mn ) 

Flow  Rate 
(ml /mn ) 

Average 
(ml /mn ) 

30/100 

34 

0.  1265 

0. 1261 

32 

0. 1257 

38 

0.1261 

35/100 

27 

0. 1481 

0.1486 

36 

0. 1491 

*Syr i nge 

Pump  Number  1  and  20 

cc  syringe 

TABLE  A- 3 

SYRINGE  PUMP  CALIBRATION  POINTS 
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Sett i ng 

Run  Duration 
( mn ) 

Flow  Rate 
( m  1 / mn ) 

Average 
(ml /mn ) 

30/1000 

78 

0.02484 

0.02515 

103 

0.02524 

109 

0.02536 

50/1000 

116 

0.04245 

0.04237 

93 

0.04247 

97 

0.04261 

121 

0.04229 

92 

0.04128 

58 

0.04227 

64 

0.04308 

97 

0.04204 

70/1000 

71 

0.0591 

0.05893 

98 

0.0590 

77 

0.05934 

80 

0.0583 

90/1000 

62 

0.07643 

0.07635 

70 

0.07648 

78 

0.07615 

*Syr i nge  Pump  Number  2  and  50  cc  syringe 


X 

B.  PORE  DIFFUSION  LIMITATIONS 
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The  method  reported  by  Satterfield  (  )  estimating 
the  effectiveness  factor,  y,  for  Kinetic  expressions  such  as 
Hougen-Watson  type  of  rate  equations  was  employed  to  deter¬ 
mine  whether  the  experimental  results  of  section  6.2  could 
also  be  predicted  independently  by  the  method.  The  following 
parameter  values  are  required: 

D  =  9700. r  . (T/M) 1  2 . (  /  )  (C. 1 ) 
L2 


The  terms  wi thin  the  expressions  for  D  ,  ,  are  defined 

as  fol lows : 


D 

r 

T 

M 


r 

L 

C 


-  effective  diffusivity  of  reactant  based  on 
Knudsen  diffusion  within  the  pores,  cm2/s 

=  pore  radius,  cm 

=  absolute  temperature,  K 

=  molecular  weight 

=  Dimensionless  Thick  diffusion  modulus 

=  observed  reaction  rate,  g-mol/s.  cc  of  catalyst 

=  ratio  of  the  catalyst  volume  to  outside  surface 
area  through  which  reactant  has  access 

=  concentration  of  reactant,  g-mol/cc 


Chuang  and  Liu  (75,152)  omitted  the  porosity  and 

tortuosity  factors  in  their  calculations.  In  one  study 


(158)  the  values  of  porosity  and  tortuosity  factors  of  an 
aluminia  plug  compressed  from  powder  were  0.812  and  0.85. 
The  pore  radius  of  9.6  nm  was  closed  to  that  used  in  this 
work  (84  nm) .  On  the  other  hand,  according  to  the  list  by 
Salterfield,  the  smallest  porosity  and  largest  tortuosity 
for  catalysts  with  pore  radius  larger  than  6  nm  are  0.52  and 
3.8  respectively.  These  considerations  justify  the  value 
of  0.47  we  used  in  these  calculations. 

D  =  9700 . 84* 10_8*(547/60) 1  2*0.47 

=  1.16  x  1 0"  2  cm2/s 

The  density  of  the  pressed  alumina  was  determined  as  ap¬ 
proximately  2.3  g/cm3.  We  selected  two  runs  of  Figure  6-6 
for  our  calculations.  We  noticed  on  the  same  figure  that  ex¬ 
perimentally  the  pore  diffusion  limitations  became  important 
on  the  two  thicker  pellets  (187.5  mg  and  292  mg)  at  a  given 
space  velocity.  It  is  interesting  to  take  the  experimental 
data  closest  to  these  values  for  our  calculations  since  we 
will  then  be  able  to  compare  if  the  method  of  Salterfield 
also  predicts  the  experimentally  established  onset  of  intra¬ 
particle  diffusion  in  those  conditions.  The  calculation  re¬ 
sults  are  shown  below 

3.435  x  10~2 

r  =  -  =  1  .  17  X  10"4  GMOL/S  X  CM3 

3600  x  .0815 

7.43  x  10-2 

r  =  -  =  1  .625  X  IQ'4  GMOL/S  X  C 


3600 

X 

.  127 

3.52 

X 

10-2 

7.85 

10-4 

GMOL/CM3 

82 

X 

547 

X 

8.26 

X 

10-2 

1.85 

10“4 

GMOL/CM3 

82 

X 

547 

X 

and  therefore 

r  r 

---  =  149  s"1  ---  =  87.8  s-1 

C  C 

For  equation  (C.2),  we  get 

=  1.045  =1.48 

Now  from  Figure  4.2  in  Salterfield  the  pore  diffusion  is 
predicted  to  become  important  when  is  greater  than  0.5  for 
a  first  order  reaction  and  greater  than  2  for  a  zero  order 
reaction.  We  see  that  since  the  selected  Kinetic  model  M7 
gives  a  fractional  order  dependence  with  reactant  concentra¬ 
tion  in  the  conditions  of  the  two  runs  selected  here,  the 
i n  termed i a  t  e  va 1 ues  of  1.045  and  1.48  are  t  here  fore  ex¬ 
pected  to  correspon  to  the  onset  of  pore  diffusion.  This 
confirms  the  agreement  between  the  experimental  data  and  the 
behaviour  predicted  by  the  method  of  Satterfield. 

To  illustrate  further  the  effectivenss  factor  method  we 
selected  the  highest  conversion  Kinetic  rune  T4D1  which  had 
the  highest  possibility  of  pore  diffusion  rate  controlled. 
The  values  of  (r/C)  is  calculated  as 


*» 
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R 

---  =  479 

C 

The  corresponding  value  of  the  dimensionless  thick  modulus 
i  s 

=  .707 

If  we  refer  again  to  Figure  4.2  in  Salterfield  we  see 
that  the  effectiveness  factor  approaches  unity.  Since  the  r 
/  C  ratios  employed  in  other  experimental  runs  were  always 
lower  than  the  value  used  in  T4D1,  pore  diffusion  can  thus 
be  neglected.  These  calculations  tend  to  verify  the  experi¬ 
mental  results  obtained  in  section  6.2. 
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C.  SAMPLE  DERIVATIONS  OF  RATE  EQUATIONS 
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E.1  Reaction  Mechanism  M4 

This  mechanism  involves  the  dissociative  adsorption  of 
alcohol  on  two  similar  sites  and  the  molecular  adsorption  of 
water  on  one  identical  site. 


(1) 

A 

+ 

1  +  1 

A  1  +  A  1 

(2) 

W 

+ 

1 

Wl 

(3) 

A 

1 

+  1 

P  +  R1  +  1 

(4) 

A 

1 

+  R 1 

Wl  +  1 

The  following  assumptions  will  be  made: 

(a)  The  adsorption  steps  of  alcohol  and  water  are  assumed  to 
be  in  equilibrium  and  thus 

[A  1 ]  .  [A  1 ]  =  K  . P  . [ 1  ]  (E.1) 

[Wl]  =  K  .P  . [1  ]  (E>2) 

(b)  The  surface  rate  reaction  (3)  is  rate  determining 

r  =  k. [A  1  ]  .  [  1  ]  (e.3) 

and  gives  a  free  molecule  of  propylene  and  an  unstable  in¬ 
termediate  R1  . 

(c)  Step  (4)  is  irreversible  and  fast  compared  to  step  (3) 


[A  1] 


[A  1] 


(  E  .  4  ) 


< 

and 
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1  r u  <<  m  +  [a  1  ]  (E5) 

(d)  The  total  number  of  active  sites  are  assumed  to  remain 
constant 

[  1  J  +  [A  1 ]  +  [W1 ]  =  L 

Rearranging  these  equations,  we  obtain  an  expression  for  the 
surface  concentration  of  the  dissociated  species  A  1 

L  K  P 

1  +  K  P  +  2  K  P  (E'6) 

From  equation  (E.3)  the  final  rate  expression  is  written  as 

K  L2  K  P 

r  =  -  ( £ .  7 ) 

(  1  +  K  P  +2  K  P  )  2 

which  is  the  3-parameter  model  M4  in  Table  6.1 

D . 2  Reaction  Mechanism  M5 

This  mechanism  involves  the  dissociative  adsorption  of 
alcohol  on  two  dissimilar  sites,  1  and  1  and  the  molecular 
adsorption  of  water  on  1  . 
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(1) 

A 

+ 

1 

+  1 

A  1  +  A  1 

(2) 

W 

+ 

1 

W1 

(3) 

A 

1 

+ 

1 

P  +  1  +  R  1 

(4) 

R 

1 

+ 

A  1 

W  1  +  1 

The  following  assumptions  will  be  made: 

(a)  The  adsorption  steps  of  alcohol  and  water  are  assumed  in 
equilibrium  and  thus 

[A  1  ]x  [A  1  ]  =  K  .P  . [ 1  ] [ 1  ]  (E.8) 

[W1]=K.P[1]  (E.9) 

(b)  The  surface  reaction  (3)  is  assumed  rate  controlling 

=  K . [ 1  ] . [ A  1  ]  (E. 10) 

and  gives  a  free  molecule  of  propylene  and  an  unstable  in¬ 
termediate  R  1  . 

(c)  Step  (4)  is  irreversible  and  fast  compared  to  step  (3). 

[A  1  ]  =  [A  1  ]  ( e  .  1  1 ) 

C  R 1  ]  <<  [A  1  ]  +  [1  ]  ( e . 12) 

(d)  The  total  number  of  sites  is  assumed  to  remain  constant 

[A  1  ]  +  [1  ]  =  L 
[A  1  ]  +  [W1  ]  +  [1  ]  = 


L 


L 


L 


(E. 13) 
(E. 14) 
(E.  15) 


262 


Rearranging  these  equations,  we  can  obtain  an  expression  for 
the  surface  concentration  of  the  dissociated  species  A  1 


[A  1  ] 


K  P  (  1  +  K  P  ) 
1+KP  +  KP  (i+KP) 


(E. 16) 


From  equation  (E.10)  the  final  rate  expression  is  written  as 


K  K  P  (i+KP) 
r  =  - 

1+KP  +  KP  (  1  +  K  P  )  2 


(E.  17) 


which  is  analogous  to  the  3-parameter  model  M5  in  Table  6-1. 


TABLE  E-1 
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CORRELATION  RESULTS  FOR  MODEL  Ml 

AGAINST  VARIOUS  ISOTHERMAL  RATE  DATA 

Temperature 
Var i ance 

(°C) 

Parameters  Correlation  Matrix 

231.2 

Model 
does  not 
converge 

246.5 

a  =  0.00784±0. 000670  1 

1 .31x10-3 

b  =  1551  -0.26  1 

c  =  194.8  ±  358.3  0.008  0.934  1 

260.3 

a  =  0.0167  ±  0.001  1 

1 .84x10-3 

b  =  316. 1  ±118.5  -0.435  1 

c  =  41 .37  ±29.33  0.047  0.812  1 

274. 

a  =  0.0299  ±  0.0023  1 

3.16x10-3 


b  =  275.68  ±  241.48 
c  =  56.45  ±  67.55 


-0.315  1 

-0.015  0.930  1 


TABLE  E-2 

CORRELATION  RESULTS  FOR  MODEL  M2 
AGAINST  VARIOUS  ISOTHERMAL  RATE  DATA 


26A 


Temperature  (°C) 

Variance  Parameters 


Correlation  Matrix 


231.2  a  =  0.0244  ±  .00353  1 

5 . 72x 1 0“ 4  b  =  109.17  ±  22.48  0.578  1 

c  =  51 .97  ±  24.37  0.869  0.588  1 


246.5  a  =  0.0480  ±  .004  1 

9 . 59x 1 0“ 4  b  =  59.11  ±  6.72  0.352  1 

c  =  27.67  ±8.17  0.871  0.487  1 


260.3  a  =  0.0807  ±  .00336  1 

1 . 06x 1 0~ 3  b  =  33.04  ±  2.  0.209  1 

c  =  10.98  ±  2.06  0.846  0.477  1 


274.  a  =  0. 153  ±.0112  1 

2.17x10-3  b  =  18.80  ±1.96  0.349  1 

c  =  8.44  ±2.21  0.898  0.51 1  1 


TABLE  E-3 
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CORRELATION  RESULTS  FOR  MODEL  M3 
AGAINST  VARIOUS  ISOTHERMAL  RATE  DATA 


Temperature  (°C) 
Var i ance 


231.2 

4.45x10-4 


Parameters 


a  =  .00474  ±  .000665 
b  =  13172  ±  67988 

c  =  58.26  ±  23.80 


Correlation  Matrix 


1 

-0.39  1 

0.86  -0.08  1 


246 -5  a  =  .00999  ±  .00104  1 

9.66x10-4  b  =  532.6  ±  176.7  -0.55  1 

c  =  20.85  ±  8.25  0.83  -0.20  1 


260.3 

a  =  .0217 

+ 

.00819 

1 

1 .44x10-4 

b  =  176.4 

+ 

30 

i 

o 

oi 

CD 

c  =  13.7 

+ 

4.2 

0.85 

274. 


a  =  0.044  ±  .005  1 


2.1x10-3 


b  =  91 .2  ±19.4 

c  =  11.4  ±3.4 


-0.58  1 

0.9  -0.27  1 
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TABLE  E-4 

CORRELATION  RESULTS  FOR  MODEL  M4 
AGAINST  VARIOUS  ISOTHERMAL  RATE  DATA 


Temperature  (°C) 
Var i ance 


Parameters 


Correlation  Matrix 


.041 

±  .003 

1 

45.4 

±  13.6 

0.62 

1 

51  .3 

±  12.6 

0.88 

0.57 

1 

.073 

±  .0055 

1 

8.52 

±  2.75 

-0.1 

1 

15.3 

±  5.4 

0.76 

0.31 

1 

0.  144 

±  0.013 

1 

2.  14 

±  0.83 

-0.56 

1 

6.72 

±  2.6 

0.58 

0.22 

1 

0.28 

±  0.03 

1 

1  .46 

±  0.64 

-0.49 

1 

5.59 

±  2.0 

0.64 

0.25 

1 

231  .2 
8x10-8 


246.5 

9.5x10-7 


260.3 

3.6x10-6 


274. 

7.6x10-8 


TABLE  E-5 
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CORRELATION  RESULTS  FOR  MODEL  M5 
AGAINST  VARIOUS  ISOTHERMAL  RATE  DATA 


Temperature  (°C) 

Variance  Parameters 


Correlation  Matrix 


231.2  a  =  0.021  ±  .0015  1 

b  =  134.  1  ±  30.4  0.16  1 

c  =  56.2  ±  26.0  0.89  0.03  1 


246.5  a  =  0.038  ±  .0033  1 

b  =  30.7  ±9.1  -0.32  1 

c  =  18.5  ±  14.7  0.84  -0.04  1 


260.3 


274. 


a  =  0.075 

+ 

.008 

1 

b  =  8.8 

+ 

2.9 

-0.65 

1 

c  =  8.7 

+ 

8.5 

0.75 

-0.10 

1 

a  =  0.15 

+ 

0.02 

1 

b  =  -5. 

+ 

2.0 

0.62 

1 

c  =  7.2 

+ 

6.5 

0.80 

0.  13 

1 
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TABLE  E-7 

CORRELATION  RESULTS  FOR  MODEL  M7 
AGAINST  VARIOUS  ISOTHERMAL  RATE  DATA 


Temperature  (°C) 
Var i ance 


Parameters  Correlation  Matrix 


231.2 

a  = 

0.018 

+ 

.0017 

1 

2 . 07x 1  O' 4 

b  = 

191.2 

+ 

39. 

-0.66  1 

c  = 

56 . 6 

+ 

10. 

0.56  -0.06 

1 

d  = 

0.  19 

+ 

0.035 

-0.77  0.8 

0 

1 

246.5 

a  = 

0.037 

± 

0.003 

1 

4 . 22x 1 0' 4 

b  = 

78.6 

± 

9.8 

-0.82  1 

c  = 

27.7 

± 

4.5 

0.68  -0.33 

1 

d  = 

0.  17 

+ 

0.035 

-0.85  0.86 

-0.3 

1 

260.3 

a  = 

0.07 

+ 

0.005 

1 

7 . 3x 1 0 ' 4 

b  = 

38.2 

+ 

4.2 

-0.86  1 

c  = 

15.2 

+ 

2.2 

0.53  -0.15 

1 

d  = 

0.  156 

+ 

0.045 

-0.87  0.9 

0 

1 

274. 

a  = 

0.  125 

+ 

0.018 

1 

1 .42x10-3 

b  = 

22.9 

+ 

4.7 

-0.88  1 

c  = 

11.8 

+ 

2.35 

0.48  -0.12 

1 

d  = 

0.225 

+ 

0.08 

-0.88  0.92 

0 

1 

TABLE  E-8 
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CORRELATION  RESULTS  FOR  MODEL  M8 
AGAINST  VARIOUS  ISOTHERMAL  RATE  DATA 


Temperature  ( 0 C ) 

Variance  Parameters  Correlation  Matrix 


231  .2 

a  = 

0.025 

+ 

5 . 84x 1 0“ 4 

b  = 

109 

+ 

c  = 

52 

+ 

d  = 

1  . 

+ 

37.  1 

165000  -1  1 

25  -0.18  0.18  1 

3000  -1  1  0.18  1 


246.5 

a 

= 

0.08 

+ 

30 

1 

9 . 7x 1 0" 4 

b 

r 

33 

+ 

12215 

-1 

1 

c 

= 

1  1 

+ 

2.  1 

.175 

-  .  175 

1 

d 

1  . 

+ 

739 

-1 

1 

-.175  1 

260.3 

a 

- 

0.05 

Hh 

17. 

1 

1.07x10-3 

b 

= 

59 

+ 

21300 

-1 

1 

c 

= 

r-- 

C"- 

CM 

+ 

8.6 

CD 

CM 

-.29 

1 

d 

= 

1  .0 

+ 

721 

-1 

1 

-.29  1 

274. 

a 

- 

0.  15 

+ 

110 

1 

2.2x10-3 

b 

— 

18.8 

+ 

5000 

-1 

1 

c 

= 

8.4 

+ 

2.27 

0.  17 

-0.17 

1 

d 

- 

1.00 

+ 

1580 

-1 

1 

-0.17  1 
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TABLE  E-9 

CORRELATION  RESULTS  FOR  MODEL  M9 
AGAINST  VARIOUS  ISOTHERMAL  RATE  DATA 


Temperature  (°C) 
Var i ance 


Parameters  Correlation  Matrix 


231  .2 

a  =  .0096 

±  .004 

1 

7 . 5x 1 0 _  4 

b  =  1190 

±  7130 

-0.47 

1 

c  =  485 

±  3164 

-0.35 

0.99 

1 

d  =  0.29 

±  0.20 

-0.97 

0.5 

0.38  1 

246.5 

a  =  0.019 

±  .006 

1 

1 . 3x10-3 

b  =  295 

±  275 

-0.63 

1 

c  =  104 

±  1  36 

0.05 

0.69 

1 

d  =  0.37 

±  0.20 

-0.98 

0.62 

0  1 

260.3 

a  =  0.05 

±  .007 

1 

1  .5x10-3 

b  =  68.8 

±  22. 

-0.73 

1 

c  =  34 

±  17. 

0.05 

0.59 

1 

d  =  0.197 

±0.10 

-0.97 

0.7 

0  1 

274. 

a  =  0.07 

±  0.03 

1 

3. 1x10-3 

b  =  70.7 

±  60. 

-0.72 

1 

c  =  39.4 

±  38. 

-0.01 

0.68 

1 

d  =  0.34 

±0.26 

-1 

0.7 

0  1 

! 
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TABLE  E-11 


CORRELATION  RESULTS  FOR  MODEL  Mil 
AGAINST  VARIOUS  ISOTHERMAL  RATE  DATA 


Temperature  (°C) 
Var i ance 


Parameters  Correlation  Matrix 


231.2 

a 

- 

.007 

+ 

.0009 

1 

2 . 6x 1 0" 4 

b 

- 

983 

+ 

513 

-0.78  1 

c 

= 

67.6 

+ 

17. 

0.71  -0.27 

1 

d 

10.9 

+ 

4.7 

0.86  -0.77 

0.4  1 

246.5 

a 

= 

0.016 

+ 

0.002 

1 

6 . Ox  1 0 _  4 

b 

= 

229 

+ 

62. 

-0.88  1 

c 

- 

34. 

+ 

9.0 

0.8  -0.52 

1 

d 

9.2 

+ 

3.7 

o 

CO 

1 

o 

00 

0.6  1 

260.3 

a 

= 

0.038 

+ 

.007 

1 

9 . Ox  1 0" 4 

b 

- 

77.7 

+ 

18. 

-0.95  1 

c 

= 

18.7 

+ 

4.0 

0.7  -0.50 

1 

d 

= 

10.2 

+ 

3.8 

-0.96  -0.91 

0.57  1 

274. 

a  = 

0.06 

+ 

0.015 

1 

1  .  6x 1 0" 4 

b  = 

51.7 

+ 

15.8 

-0.92 

1 

c  = 

13.7 

+ 

3.6 

0.75 

-0.5 

1 

d  = 

3.75 

+ 

2.3 

0.94 

-0.9 

0.54  1 

/ 
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TABLE  E-12 

CORRELATION  RESULTS  FOR  MODEL  M12 
AGAINST  VARIOUS  ISOTHERMAL  RATE  DATA 


Temperature  (°C) 
Var i ance 


Parameters  Correlation  Matrix 


231 .2 

a  = 

.035 

+ 

.005 

1 

2 . 07x  1 0' 4 

b  = 

94.3 

+ 

23.2 

-0.82  1 

c  = 

56.7 

+ 

10.6 

0.37  -0.05 

1 

d  = 

0.102 

+ 

0.02 

-0.91  0.88 

0  1 

246.5 

a  = 

0.72 

+ 

.009 

1 

4 . 08x 1 0  ~ 4 

b  = 

39. 

+ 

6.5 

-0.92  1 

c  = 

27.7 

+ 

4.3 

0.53  -0.31 

1 

d  = 

0.09 

+ 

0.02 

-0.94  0.93 

-0.25  1 

260.3 

a  = 

0.137 

+ 

0.017 

1 

6 . 9x 1 0"  4 

b  = 

19. 

+ 

3.  1 

-0.95  1 

c  = 

15.2 

+ 

2.  1 

0.36  -0.14 

1 

d  = 

0.088 

+ 

0.02 

-0.86  0.96 

-0.1  1 

274. 

a  = 

0.221 

+ 

0.05 

1 

1 .4x10-3 

b  = 

12.7 

+ 

3.9 

-0.95  1 

c  = 

11.9 

+ 

2.3 

0.30  -0.09 

1 

d  = 

0.133 

+ 

0.06 

-0.35  0.96 

-0.03  1 
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TABLE  E-13 


CORRELATION  RESULTS  FOR 
AGAINST  VARIOUS  ISOTHERMAL 


MODEL  M13 
RATE  DATA 


Temperature  (°C) 
Var i ance 


Parameters  Correlation  Matrix 


231.2  a 

2 . 07x1 0~ 4  b 

c 

d 


0.016  ±0.0014 
219  ±43.4 

56.6  ±  10.6 

1.78  ±0.04 


1 

-0.63  1 

0.59  -0.06  1 

0.75  0.80  -0.004  1 


246.5 

a  = 

0.032 

+ 

4 . 2x 1 0" 4 

b  = 

90.3 

+ 

c  = 

27.7 

+ 

d  = 

1.80 

+ 

.0025  1 

11.0  -0.80  1 

4.5  0.70  -0.33  1 

0.04  0.84  -0.85  0.26  1 


260.3 

a  =  0.06 

+ 

.0044 

1 

7 . 3x 1 0_  4 

b  =  44. 

+ 

4.6 

i 

o 

CO 

1 

c  =  15.2 

+ 

CM 

CM 

0.57 

i 

o 

cn 

d  =  1 .82 

+ 

0.05 

0.84 

o 

CD 

o 

274. 

a  = 

0.11 

+ 

1 .4x10-3 

b  = 

26.0 

+ 

c  = 

11.8 

+ 

d  = 

1  .74 

+ 

0.015  1 

5.0  -0.85  1 

2.35  0.52  -0. 12  1 

0.09  0.85  -0.90  0.03  1 
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TABLE  E-14 

CORRELATION  RESULTS  FOR  MODEL  Ml  4 
AGAINST  VARIOUS  ISOTHERMAL  RATE  DATA 


Temperature  (°C) 
Var i ance 


Parameters  Correlation  Matrix 


231.2 

a  =  0.012 

± 

0.001 

1 

2 . 06x 1 0  ~ 4 

b  =  259. 

+ 

50. 

-0.61 

1 

c  =  56.6 

i 

10.6 

0.61 

0.06 

d  =  0.284 

± 

0.05 

-0.73 

0.79 

246.5 

a  = 

0.025 

+ 

4 . 05x 1 0" 4 

b  = 

110 

+ 

c  = 

27.7 

+ 

d  = 

0.26 

+ 

.0018  1 

12.1  -0.79  1 

4.3  0.72  -0.33  1 

0.045  -0.81  0.84  -0.25  1 


260.3 

a 

Z 

0.047 

+ 

0.003 

1 

6 . 9x 1 0 " 4 

b 

= 

54.3 

+ 

5.1 

CM 

00 

O 

1 

c 

= 

15.4 

+ 

2.  1 

0.61 

1 

o 

CD 

1 

d 

0.25 

+ 

0.06 

00 

o 

0.88 

-0.1  1 

274. 

a 

- 

0.085 

+ 

0.01 

1 

1 . 4x 1 0 " 4 

b 

- 

32.  1 

+ 

00 

LO 

1 

o 

00 

CO 

1 

c 

- 

11.9 

+ 

2.3 

0.56 

i 

o 

CO 

1 

d 

- 

0.35 

+ 

0.11 

CM 

00 

o 

1 

o 

CD 

-0.03  1 
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TABLE  E-15 

CORRELATION  RESULTS  FOR  MODEL  Ml 5 
AGAINST  VARIOUS  ISOTHERMAL  RATE  DATA 


Temperature  (°C) 

Variance  Parameters  Correlation  Matrix 


231 .2 

a 

z 

0.032 

+ 

.002 

1 

2 .  1  7x 1 0" 4 

b 

= 

90.5 

+ 

7.2 

0.36 

1 

c 

Z 

57.0 

+ 

11.1 

0.66 

-0.06 

1 

d 

0.  136 

+ 

.012 

-0.41 

0.  15 

0.07  1 

246.5 

a 

= 

0.062 

+ 

.0027 

1 

3 . 9x 1 0~ 4 

b 

Z 

43.5 

+ 

2.  1 

-0.15 

1 

c 

= 

27.3 

+ 

4.1 

0.78 

CO 

CO 

o 

1 

d 

— 

0.  143 

+ 

.011 

-0.47 

0.55 

-0.15  1 

260.3 

a 

Z 

0.112 

+ 

.004 

1 

6. 5x10-4 

b 

= 

23.0 

+ 

0.98 

-0.27 

1 

c 

= 

15.5 

+ 

2.00 

0.82 

-0.15 

1 

d 

* 

0.  155 

+ 

.015 

-0.43 

0.77 

-0.05  1 

274. 

a 

- 

0.205 

+ 

0.014 

1 

1 . 36x1 0_  4 

b 

Z 

13.3 

+ 

1.05 

-0.22 

1 

c 

= 

12.0 

+ 

2.26 

0.81 

-0.11 

1 

d 

0.  194 

+ 

0.03 

-0.38 

0.74 

0.05  1 

E.  DATA  REDUCTION 
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The  ideal  gas  law  is  inherent  in  the  data  reduction 
calculation  procedure.  The  Kinetic  run  No.  T2D1  (see  follow¬ 
ing  tables)  was  chosen  to  demonstrate  how  the  rate  data  was 
obtained  by  the  data  reduction  procedure.  The  measured  data 
of  this  Kinetic  run  is  summarized  as  follows 

GC  Area  Ratios 

AP/AA  =  0.0443 
AN/AP  =  126.9 
AW/AN  =  0.0234 

Reactor  Temperature  =  246. 5°C 
Reactor  Pressure  =  0.93  atm 
Nitrogen  Flow  rate  =  1.07  gmol/h 
Catalyst  Weight  =  86mg 

By  applying  the  GC  calibration  results  in  Chapter  5  and 
equation  5.9,  the  fractional  conversion  of  alcohol  is  ob¬ 
tained 

X  =  4.65% 

We  can  now  obtain  from  equation  5.12  the  molar  feed  rate  ra¬ 
tio  of  nitrogen  relative  to  isopropanol. 


a 


9.21 


it 
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Similarly,  the  molar  feed  rate  ratio  of  water  relative  to 
isopropanol  is  calculated 


a  =  .289 


Subsequently  it  was  necessary  to  calculate  the  two  indepen¬ 
dent  variables  of  the  Kinetic  models  (e.g.  the  partial  pres¬ 
sure  of  alcohol  P  and  the  partial  pressure  of  water  P  ) .  To 
do  that,  the  molar  fractions  of  the  various  compounds  at 
steady  state  were  first  estimated  according  to  the  simple 
stoichiometry  of  the  reaction. 


X 

1 

+  a  +  a 

+ 

X 

Y 

1-X 

1 

+  a  +  a 

+ 

X 

Y 

X 

A 

1 

+  a  +  a 

+ 

X 

X 

a  +  X 

1 

+  a  +  a 

+ 

X 

PA  and  P W  are  then  calculated  applying  Dalton's  law 

PA  =  x  .P  =  0.084  atm 
PW  =  x  .P  =  0.0296  atm 

The  molar  feed  rate  of  isopropanol  given  by  equation  5.13  is 
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1.07 

F  -  -  =0.116  gmo 1 / h 

9.21 

Reaction  rate  of  isopropanol  dehydration 

. 1 16  x  .0465 
.086 

=  6.27  x  10-2  gmol /gcatalyst  x  h 

Other  Kinetic  data  obtained  by  same  method  of  calculation 
are  summarized  in  Tables  F-1  to  F-3. 

The  discussion  in  Chapter  5  explained  why  this  method 
of  calculation  was  adopted  in  our  study.  Basically  it  relies 
upon  the  exactness  of  the  material  balance  across  the  rea¬ 
ctor  instead  of  relying  on  the  exactnes  of  the  calibrated 
feed  flow  rates  entering  the  reactor.  This  reverse  procedure 
is  more  suitable  for  obtaining  accurate  data  when  instabili¬ 
ties  are  present  in  the  feed  lines  as  was  shown  in  Chapter 
5.  The  consistency  of  our  calculation  method  was  checked 
rather  stringently  by  comparing  the  values  of  the  calibrated 
valud  of  a  and  its  average  value  on  a  series  of  runs  at  the 
same  dial  setting  of  the  syringe  feeder.  The  good  agreement 
between  these  two  values  ensured  use  of  the  judiciousness  of 
the  calculation  method. 
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TABLE  F-1 

GLOBAL  RUNS  CONDITIONS 


Run  Reaction 

Number  Temp  Press 
(OC)  (atm) 


Nitrogen  Dial  Setting 
Flow  Rate  of  Alcohol 
(gmol/h)  Feeder 


T 1 A 1  231.2  .932 

T1A2 

T 1  A3 

T1A4 

T1A5 

T1A6 

T1A7 

T1A8 

T1A9 

T1A10 

T  1 A 1  1 

TIBI  231.2  .932 

T1B2 

T1B3 

T1B4 

T1B5 

T1B6 

T1B7 

T1B8 

T1B9 

T1B10 

T1B11 

T1B12 

T 1 C 1  231.2  .932 

T1C2 

T1C3 

T1C4 

T2A 1  246.5  .954 

T2A2 

T2A3 

T2A4 

T2A5 

T2A6 

T2A7 

T2A8 

T2A9 


1.065  40/100  (20) 

30/100  (20) 

20/100  (20) 
15/100  (20) 

90/1000  (20) 
70/1000  (20) 
50/1000  (20) 
40/1000  (20) 
30/1000  (20) 
25/1000  (20) 
20/1000  (20) 

1.065  40/100  (20) 

30/100  (20) 

20/100  (20) 
15/100  (20) 

90/1000  (20) 
70/1000  (20) 
50/1000  (20) 
40/1000  (20) 
30/1000  (20) 
25/1000  (20) 
20/1000  (20) 
15/1000  (20) 

.425  15/100  (20) 

90/1000  (20) 
70/1000  (20) 
50/1000  (20) 

.390  60/1000  (20) 

40/1000  (20) 
30/1000  (20) 
25/1000  (20) 
20/1000  (20) 
15/1000  (20) 
25/100  (20) 

15/100  (20) 

12/100  (20) 


Dial  Setting 
of  Water 
Feeder 


Ni  1 


50/1000  (5) 


Ni  1 


Ni  1 


TABLE  F-1  (Continued) 
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T2B 1  246.5  .954  .390 

T2B2 

T2B3 

T2B4 

T2C 1  246.5  .930  1.07 

T2C2 

T2C3 

T2C4 

T2C5 

T2C6 

T2C7 

T2C8 

T2C9 

T2C10 

T2C11 

T2C12 

T2C13 

T2D 1  246.5  .930  1.07 

T2D2 

T2D3 

T2D4 

T2D5 

T2D6 

T2D7 

T2D8 

T2D9 

T2D10 

T2D11 

T2D12 

T3A1  260.2  .940  1.07 

T3A2 

T3A3 

T3A4 

T3A5 

T3A6 

T3A7 

T3A8 

T3A9 

T3A10 

T3A11 

T3A12 


75/1000 

(20) 

60/1000 

(5) 

— 

40/1000 

(5) 

— 

20/1000 

(5) 

“  — 

Ni  1 

35/100 

(20) 

Ni  1 

25/100 

(20) 

20/100 

(20) 

— 

15/100 

(20) 

— 

12/100 

(20) 

— 

90/1000 

(20) 

-  - 

75/1000 

(20) 

-  - 

60/1000 

(20) 

— 

50/1000 

(20) 

— 

40/1000 

(20) 

— 

30/1000 

(20) 

— 

25/1000 

(20) 

-  - 

20/1000 

(20) 

35/100 

(20) 

80/1000 

(5) 

25/100 

(20) 

— 

15/100 

(20) 

-  - 

12/100 

(20) 

— 

90/1000 

(20) 

-  - 

75/1000 

(20) 

— 

60/1000 

(20) 

— 

50/1000 

(20) 

40/1000 

(20) 

— 

30/1000 

(20) 

— 

25/1000 

(20) 

20/1000 

(20) 

20/100 

(20) 

Ni  1 

30/100 

(20) 

— 

40/100 

(20) 

-  _ 

20/100 

(20) 

— 

15/100 

(20) 

— 

12/100 

(20) 

— 

90/1000 

(20) 

— 

75/1000 

(20) 

— 

60/1000 

(20) 

— 

50/1000 

(20) 

— 

40/1000 

(20) 

— 

30/1000 

(20) 
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T3B1  260.2  .940 

T3B2 

T3B3 

T3B4 

T3B5 

T3B6 

T3B7 

T3B8 

T3B9 

T3B10 

T3C1  260.2  .940 

T3C2 

T3C3 

T3C4 

T3C5 

T3C6 

T3C7 

T3C8 

T3C9 

T3C10 

T3C11 

T  3D  1  260.2  .930 

T3D2 

T3D3 

T3D4 

T3D5 

T3D6 

T3D7 

T3D8 

T3D9 

T3D10 

T3D11 

T3E 1  260.2  .930 

T3E2 

T3E3 

T3E4 

T3E5 

T3E6 

T3E7 

T3E8 

T3E9 


1.07  30/100 

20/100 
15/100 
12/100 
90/1000 
75/1000 
60/1000 
50/1000 
40/1000 
30/1000 

.396  40/100 

30/100 
18/100 
12/100 
90/1000 
75/1000 
60/1000 
50/1000 
40/1000 
30/1000 
20/1000 

1.08  30/100 

20/100 
15/100 
90/1000 
75/1000 
60/1000 
50/1000 
40/1000 
35/1000 
30/1000 
40/100 

1.08  40/100 

30/100 
20/100 
15/100 
12/100 
90/1000 
75/1000 
50/1000 
30/1000 


(20)  40/1000  (5) 

(20) 

(20) 

(20) 

(20) 

(20) 

(20) 

(20) 

(20) 

(20) 

(20)  Nil 

(20) 

(20) 

(20) 

(20) 

(20) 

(20) 

(20) 

(20) 

(20) 

(20) 

(20)  20/100  (5) 
(20) 

(20) 

(20) 

(20) 

(20) 

(20) 

(20) 

(20) 

(20) 

(20) 

(20)  Nil 

(20) 

(20) 

(20) 

(20) 

(20) 

(20) 

(20) 

(20) 


J 
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T3F  1 

T3F2 

T3F3 

T3F4 

T3F5 

T3F6 

T3F7 

T3F8 

T3F9 

T3F10 

T3F  1 1 

T3F12 

T3F13 

T3F14 

T3F15 

T3G1 

T3G2 

T3G3 

T3G4 

T3G5 

T3G6 

T3G7 

T3G8 

T3G9 

T3G10 

T3G1  1 

T3G12 

T3G13 

T4A1 

T4A2 

T4A3 

T4A4 

T4A5 

T4A6 

T4A7 

T4A8 

T4A9 

T4A10 

T4A1  1 

T4A12 

T4A13 


260.2 

.930 

1.034 

40/100 

(20) 

Ni  1 

—■  “ 

— 

80/1000 

—  — 

— 

30/100 

(201 

— 

—  — 

— 

20/100 

(20) 

— 

“  “ 

“  — 

— 

15/100 

(20) 

— 

— 

— 

12/100 

(20) 

— 

“  *“ 

— 

90/1000 

(20) 

— 

“  — 

— 

— 

75/1000 

(20) 

— 

*■*  ~ 

—  — 

— 

60/1000 

(20) 

— 

—  — 

— 

— 

50/1000 

(20) 

-  - 

—  — 

-  — 

— 

40/1000 

(20) 

— 

—  «- 

-  ~ 

30/1000 

(20) 

— 

—  — 

-  “ 

— 

25/1000 

(20) 

— 

~  — 

— 

20/1000 

(20) 

-  - 

“  *“ 

_  . 

20/1000 

(20) 

Ni  1 

260.2 

.940 

1  .065 

40/100 

(20) 

Ni  1 

—  — 

-  — 

— 

30/100 

(20) 

—  ** 

“  — 

— 

20/100 

(20) 

- - 

—  “ 

-  ~ 

— 

15/100 

(20) 

-  - 

"  — 

— 

12/100 

(20) 

— 

—  «. 

— 

— 

90/1000 

(20) 

-  - 

—  — 

— 

— 

75/1000 

(20) 

— 

—  — 

-  - 

60/1000 

(20) 

-  - 

—  ~ 

~  - 

— 

50/1000 

(20) 

— 

“  — 

-  - 

— 

40/1000 

(20) 

— 

—  — 

-  ” 

— 

30/1000 

(20) 

— 

—  ~ 

— 

— 

25/1000 

(20) 

— 

—  “ 

—  — 

20/1000 

(20) 

274.0 

.925 

1.065 

25/100 

(50) 

Ni  1 

- - 

-  “ 

— 

20/100 

(50) 

— 

- . 

— 

15/100 

(50) 

— 

—  — 

— 

— 

12/100 

(50) 

— 

—  — 

-  ~ 

90/1000 

(50) 

— 

- - 

— 

75/1000 

(50) 

— 

-  - 

65/1000 

(50) 

— 

— 

— 

55/1000 

(50) 

— 

“  - 

— 

45/1000 

(50) 

-  - 

— 

— 

35/1000 

(50) 

— 

-  — 

30/1000 

(50) 

— 

— 

— 

25/1000 

(50) 

— 

— 

- * 

— 

25/1000 

(50) 

90/1000 
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TABLE  F-1  (Continued) 


T4B1  274.0  .925  1.065 

T4B2 

T4B3 

T4B4 

T4B5 

T4B6 

T4B7 

T4B8 

T4B9 

T4B10 

T4B11 

T4B12 

T4B13 


25/100  (50)  15/100  (10) 

15/100  (50) 

90/1000  (50) 

75/1000  (50) 

65/1000  (50) 

55/1000  (50) 

45/1000  (50) 

35/1000  (50) 

25/1000  (50) 

25/1000  (50) 

10/100  (10) 
80/1000  (10) 
Nil 


T4C1  274.0  .950 

T4C2 

T4C3 

T4C4 

T4C5 

T4C6 

T4C7 

T4C8 

T4C9 

T4C10 

T4C11 

T4C12 

T4C13 

T4C14 


1.075  25/100  (50) 

30/100  (50) 

25/100  (50) 

20/100  (50) 

15/100  (50) 

12/100  (50) 

90/1000  (50) 
75/1000  (50) 
65/1000  (50) 
55/1000  (50) 
45/1000  (50) 
35/1000  (50) 
30/1000  (50) 
25/1000  (50) 


It 


"i 


TABLE  F-2 

SUMMARY  OF  KINETIC  DATA 
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Run 

Number 


T  1 A 1 

T1A2 

T  1  A3 

T1A4 

T1A5 

T1A6 

T1A7 

T1A8 

T1A9 

T1A10 

T  1 A 1  1 

TIBI 

T1B2 

T1B3 

T1B4 

T1B5 

T1B6 

T1B7 

T1B8 

T1B9 

T1B10 

TIB1 1 

T1B12 

T 1 C 1 
T1C2 
T  1 C  3 
T1C4 

T2A 1 
T2A2 
T2A3 
T2A4 
T2A5 
T2A6 
T2A7 
T2A8 
T2A9 


AP/AA  Alcohol  AN/AP  a  AW/AN  a 

Conversion 

(%) 


.0216 

2.32 

.0326 

3.46 

.0525 

5.46 

.0866 

8.70 

.  1413 

13.5 

.205 

18.4 

.359 

28.3 

.533 

37.0 

.822 

47.5 

1  .  129 

55 . 5 

1  .  15 

56.0 

.0149 

1.61 

.0203 

2.  18 

.0353 

3.74 

.0492 

5.13 

.  0763 

7.74 

.  112 

11.0 

.  175 

16.  1 

.234 

20.5 

.360 

28.4 

.405 

30.9 

.468 

34.0 

.830 

47.7 

.0578 

5.98 

.0975 

9.7 

.  134 

12.8 

.214 

19.1 

.612 

40.2 

1  .475 

61  .9 

2.318 

71.8 

2.69 

74.7 

3.01 

76.8 

3.  15 

77.6 

0.0894 

8.95 

0.0166 

15.45 

0.0245 

21.21 

222 

.2 

8 

.04 

198 

.4 

10 

.70 

198 

.  1 

16 

.87 

176 

23 

.89 

198 

.  1 

16 

.87 

159 

.4 

45 

.75 

158 

.3 

69 

.86 

152 

.9 

88 

.3 

157 

.0 

116 

.3 

169 

.0 

146 

.3 

202 

.4 

176 

.8 

320 

8 

.04 

320 

10 

.88 

287 

.4 

16 

.77 

281 

.6 

22 

.54 

272 , 

.8 

32 

.34 

266, 

.4 

45, 

.71 

246, 

.8 

62, 

.0 

252, 

,2 

80, 

.7 

257. 

,9 

114. 

,3 

300. 

1 

144. 

,7 

369. 

7 

196. 

,  1 

403. 

0 

299. 

9 

97. 

34 

9. 

08 

94. 

9 

14. 

36 

88. 

35 

17. 

64 

84. 

5 

25. 

17 

34. 

5 

21  . 

64 

34. 

98 

35. 

78 

40. 

16 

44. 

98 

43. 

56 

50. 

76 

57. 

56 

68. 

96 

78. 

35 

95. 

5 

42. 

28 

5. 

9 

38. 

53 

9. 

29 

36. 

53 

12. 

08 

Ni  1 


.  159 
.209 
.325 
.415 
.608 
.869 
1  .  16 
1.5 
2.19 
2.62 
3.67 
5.29 

Ni  1 


Ni  1 


:N 
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T2B 1 

.  174 

16.0 

T2B2 

.209 

18.7 

T2B3 

.300 

24.8 

T2B4 

.414 

31  .3 

T2C 1 

.0641 

6.56 

T2C2 

.  106 

10.5 

T2C3 

.  1369 

13.  1 

T2C4 

.230 

20.2 

T2C5 

.304 

25.  1 

T2C6 

.389 

30.0 

T2C7 

.534 

37.0 

T2C8 

.839 

48.0 

T2C9 

.915 

50.3 

T2C10 

1.037 

53.3 

T2C 1 1 

1.26 

58.1 

T2C12 

1.32 

59.2 

T2C13 

1.64 

64.4 

T2D  1 

.0443 

4.65 

T2D2 

.0697 

7.  12 

T2D3 

.  1307 

12.6 

T2D4 

.  187 

17.  1 

T2D5 

.206 

18.5 

T2D6 

.253 

21  .75 

T2D7 

.364 

28.6 

T2D8 

.456 

33.4 

T2D9 

.536 

37.0 

T2D10 

.743 

45.0 

T2D 1  1 

.956 

51.3 

T2D12 

1.03 

53.1 

T3A1 

.3278 

26.5 

T3A2 

.  1702 

15.8 

T3A3 

.1170 

11.4 

T3A4 

.3127 

25.6 

T3A5 

.5337 

27.0 

T3A6 

.7807 

46.2 

T3A7 

.8679 

48.8 

T3A8 

.9474 

51  .0 

T3A9 

1  .06 

53.9 

T3A10 

1  .21 

57.0 

T3A 1  1 

1  .24 

57.7 

T3A12 

1.345 

59.7 

68.49 

17.09 

.447 

1  .03 

59.29 

17.30 

.317 

.67 

46.38 

17.94 

.216 

.355 

34.98 

17.08 

Ni  1 

92.53 

9.47 

_  — 

Ni  1 

82.66 

13.54 

— 

81.63 

16.68 

— 

—  — 

76.20 

24.0 

— 

—  _ 

74.85 

29.3 

— 

_  _ 

76.10 

35.6 

— 

—  _ 

75.9 

43.8 

-  - 

__  _ 

76.8 

57.5 

— 

—  ~ 

81 .8 

64.2 

-  - 

—  „ 

103.2 

85.8 

-  _ 

—  — 

121 .5 

110. 

— 

—  — 

153.8 

142. 

- , 

—  «, 

191  .4 

192.3 

126.9 

9.21 

.0234 

.289 

118.3 

13.14 

.0222 

.385 

121 .4 

23.86 

.0224 

.708 

119.8 

31.95 

.0214 

.893 

118.9 

34.3 

.0236 

1  .078 

118.9 

40.3 

.0234 

1.256 

116.1 

51  .8 

.0214 

1 .44 

122.4 

63.7 

.0219 

1.84 

134.0 

77.4 

.0215 

2.23 

160 

112.3 

.0217 

3.36 

175.5 

140.5 

.022 

4.31 

208.0 

172.3 

.0204 

4.97 

42.26 

17.47 

—  — 

Ni  1 

43.66 

10.76 

— 

-  - 

46.48 

8.26 

— 

— 

43.33 

17.30 

— 

— 

40.39 

23.31 

— 

— 

42.07 

30.32 

-  - 

48.35 

36.81 

— 

— 

53.33 

42.43 

— 

— 

64.0 

53.81 

— 

— 

71.87 

63.91 

— 

— 

93.6 

84.2 

— 

— 

119.35 

111.1 

— 

— 

* 
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TABLE 


T3B  1 

.  140 

13.4 

T3B2 

.2658 

22.6 

T3B3 

.422 

31  .7 

T3B4 

.558 

38.1 

T3B5 

.743 

45.0 

T3B6 

.846 

48.2 

T3B7 

.958 

51  .3 

T3B8 

1.092 

54.6 

T3B9 

1  .102 

54.8 

T3B10 

1 .284 

58.6 

T3C1 

.0945 

T3C2 

.  1414 

T3C3 

.315 

25.75 

T3C4 

.666 

42.3 

T3C5 

.834 

47.9 

T3C6 

1 .08 

54.3 

T3C7 

1.741 

65.7 

T3C8 

2.01 

68.9 

T3C9 

2.637 

74.4 

T3C10 

3.09 

77.3 

T3C1 1 

3.13 

77.4 

T  3D  1 

.1144 

11.2 

T3D2 

.1763 

16.2 

T3D3 

.2557 

22.0 

T3D4 

.381 

29.5 

T3D5 

.482 

34.6 

T3D6 

.595 

39.6 

T3D7 

.557 

38.0 

T3D8 

.669 

42.4 

T3D9 

.680 

42.8 

T3D10 

.755 

45.4 

T3D 1  1 

.0688 

7.04 

T3E1 

.  122 

11.8 

T3E2 

.  1878 

17.1 

T3E3 

.3333 

26.8 

T3E4 

.5514 

37.8 

T3E5 

.788 

46.4 

T3E6 

.841 

48.0 

T3E7 

.965 

51.5 

T3E8 

1  .18 

56.5 

T3E9 

1.55 

63.1 

-2  (Continued) 


50 

.53 

10 

.56 

58 

.93 

48 

.76 

17 

.  19 

63 

.3 

45 

.66 

22 

.58 

67 

.8 

48 

.0 

28 

.53 

65 

.  1 

50 

.81 

35 

.67 

65 

.4 

58 

.38 

43 

.90 

60 

.7 

68 

.06 

54 

.47 

66 

.85 

74 

.85 

63 

.75 

67 

.8 

98 

.98 

84 

.  D 

61 

.5 

127 

.0 

116 

.2 

72 

.9 

20 

.23 

2 

.97 

_ _ 

19 

.35 

4 

.07 

— 

19 

.23 

7 

.73 

— 

18 

.2 

12 

.0 

— 

18 

.2 

13 

.6 

— 

18 

.7 

15 

.8 

— 

20 

.84 

21  , 

.4 

— 

21 

.68 

23, 

,3 

— 

27, 

.48 

31  , 

.9 

— 

34, 

,42 

41  , 

,5 

— 

51  , 

,3 

6 1  . 

.9 

62. 

,90 

10. 

,99 

14. 

33 

68. 

,65 

17. 

35 

14. 

78 

69. 

71 

23. 

93 

15. 

45 

75. 

7 

34. 

83 

15. 

61 

85. 

1 

45. 

94 

1 5 . 

3 

95. 

4 

58. 

9 

15. 

78 

113. 

4 

67. 

2 

15. 

36 

122 

80. 

7 

14. 

73 

139. 

4 

93. 

1 

14. 

46 

175. 

2 

124. 

14. 

71 

76. 

26 

8. 

38 

15. 

15 

44. 

86 

8. 

25 

_  _ 

42. 

66 

1  1  . 

38 

— 

40. 

16. 

72 

— 

39. 

2 

23. 

12 

— 

42. 

4 

30. 

72 

— 

46. 

2 

34. 

61 

— 

55. 

5 

44. 

6 

— 

76. 

2 

67. 

15 

119. 

9 

118. 

— 

.  179 
.272 
.333 
.4384 
.545 
.723 
.815 
.840 
1.375 
1.594 

Ni  1 


.767 

1.17 

1.54 

2.23 

3.00 

3.73 

4.38 

5.48 

6.44 

8.43 

0.553 

Ni  1 
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T3F  1 

T3F2 

T3F3 

T3F4 

T3F5 

T3F6 

T3F7 

T3F8 

T3F9 

T3F10 

T3F  1 1 

T3F12 

T3F13 

T3F14 

T3F15 

T3G1 

T3G2 

T3G3 

T3G4 

T3G5 

T3G6 

T3G7 

T3G8 

T3G9 

T3G10 

T3G1  1 

T3G12 

T3G13 

T4A1 

T4A2 

T4A3 

T4A4 

T4A5 

T4A6 

T4A7 

T4A8 

T4A9 

T4A10 

T4A1  1 

T4A12 

T4A13 


TABLE  F-2  (Continued) 


.  118 

11.5 

44.30 

.089 

8.93 

54.93 

.  134 

12.8 

51  .83 

.222 

19.6 

51  .2 

.3515 

27.9 

50.7 

.468 

34.0 

56.05 

.539 

37.2 

57.69 

.684 

42.9 

63.5 

.775 

46.0 

73.  14 

.916 

50.2 

80.31 

.917 

50.2 

96 

.  19 

56.7 

122.6 

.  195 

56.8 

145.8 

.335 

59.5 

182.5 

.7 

65.2 

178.0 

.  1154 

11.3 

44. 19 

.178 

16.4 

43.85 

.337 

27.1 

40.20 

.512 

36.0 

40.55 

.768 

45.8 

41 .47 

.879 

49.2 

46.84 

.946 

51.0 

53.47 

.07 

54.0 

61.64 

.  132 

55 . 5 

71  .47 

.246 

57.8 

88.66 

.377 

60.2 

117.4 

.452 

61.5 

140.6 

.574 

63.4 

176 

.2212 

19.6 

21.96 

.309 

25.4 

20.92 

.466 

33.9 

21.35 

.668 

42.4 

23.44 

.746 

45.1 

23.24 

.892 

49.5 

25.87 

.01 

52.8 

29.96 

.08 

54.3 

35.52 

.  17 

56.4 

42.62 

.32 

59.4 

53.  12 

.40 

60.6 

59.55 

.207 

18.5 

22.26 

.  152 

14.3 

28.24 

7 

.95 

Ni  1 

7 

.65 

30 

.65 

.25 

10 

.35 

33 

.78 

.306 

15 

.65 

31 

.  16 

.502 

22 

.06 

32 

.72 

.674 

29 

.73 

33 

.74 

.881 

33 

.48 

35 

.08 

.954 

42 

.5 

35, 

.35 

1.20 

52 

.5 

35, 

.97 

1  .46 

62 

.9 

34, 

.71 

1.81 

75 

.2 

33, 

.03 

2.28 

108 

.5 

32. 

,70 

3.30 

129 

.2 

34. 

,75 

3.72 

169 

.4 

34. 

00 

4.98 

181 

.0 

— 

Ni  1 

7 

.79 

—  - 

Ni  1 

1 1 

.22 

— 

17 

.0 

— 

22 

.77 

— 

— 

29, 

.62 

— 

— 

35, 

.95 

— 

42, 

.54 

— 

51  . 

,93 

— 

— 

61  , 

,88 

— 

79. 

,9 

— 

— 

110. 

3 

— 

— 

134. 

8 

174. 

0 

6. 

72 

— 

Ni  1 

8. 

29 

— 

1  1  . 

29 

— 

15. 

50 

— 

16. 

35 

— 

19. 

97 

— 

24. 

67 

— 

30. 

1 

— 

— 

37. 

5 

— 

— 

49. 

2 

— 

56. 

3 

— 

6. 

42 

— 

6. 

30 

— 
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T4B 1 

T4B2 

T4B3 

T4B4 

T4B5 

T4B6 

T4B7 

T4B8 

T4B9 

T4B10 

T4B12 

T4B13 

T4C1 

T4C2 

T4C3 

T4C4 

T4C5 

T4C6 

T4C7 

T4C8 

T4C9 

T4C10 

T4C1 1 

T4C12 

T4C13 

T4C14 


TABLE  F-2  (Continued) 


134 

12.87 

28.79 

239 

20.8 

34.41 

374 

29.2 

39.  18 

423 

31  .7 

40.66 

504 

35.7 

46.  14 

559 

38.  1 

48. 

649 

41  .7 

57.4 

710 

43.9 

66.  13 

851 

48.4 

80.64 

129 

12.4 

34.56 

160 

15.0 

28.52 

213 

19.0 

22.66 

189 

17.2 

23.75 

130 

12.6 

10.36 

163 

15.2 

10.07 

216 

19.2 

10.30 

332 

26.8 

10.54 

522 

36.5 

10.27 

565 

38.3 

10.88 

882 

49.  1 

11.27 

03 

53.2 

10.99 

31 

59.0 

11.69 

6 

63.8 

12.29 

27 

71.3 

14.54 

58 

74.0 

17.04 

98 

76.6 

20.23 

6 . 55 

.0723 

.598 

11.17 

.0746 

1.091 

17.85 

.0724 

1.72 

20.  1 

.0706 

1  .90 

25.7 

.0696 

2.43 

28.53 

.0729 

2.86 

37.35 

.0702 

3.67 

45.3 

.0675 

4.34 

60.3 

.0665 

5.83 

6.69 

.0706 

.613 

6.68 

.0432 

.300 

6.75 

— 

Ni  1 

6.37 

— 

Ni  1 

2.04 

— 

2.39 

— 

— 

3.09 

— 

4.41 

— 

— 

5.85 

— 

— 

6.50 

— 

— 

7.97 

— 

— 

9.  12 

— 

— 

10.76 

— 

— 

12.23 

— 

— 

16.18 

— 

— 

19.67 

24.20 

— 

— 

-C ' 

s 

Run 

Number 


T 1 A 1 

T1A2 

T 1  A3 

T1A4 

T1A5 

T1A6 

T1A7 

T1A8 

T1A9 

T  1 A 1  0 

T  1 A 1  1 

TIBI 

T1B2 

T1B3 

T1B4 

T1B5 

T1B6 

T1B7 

T1B8 

T1B9 

T1B10 

TIBI  1 

T1B12 

T  1 C 1 
T1C2 
T1C3 
T1C4 

T2A 1 
T2A2 
T2A3 
T2A4 
T2A5 
T2A6 
T2A7 
T2A8 
T2A9 
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TABLE  F-3 

SUMMARY  OF  MODELING  DATA 


Partial  Pressures 
( atmx 1 00 ) 

Alcohol  Water 


Reaction  ( g . mol x 1 00/gxh ) 
Rates  Predicted 

Observed 


10.0 

.494 

7.65 

.475 

4.91 

.410 

3.40 

.419 

2.25 

.419 

1.62 

.419 

.932 

.40 

.655 

.41 

.415 

.396 

.280 

.363 

.230 

.308 

9.95 

1  .77 

7.53 

1  .77 

4.95 

1.86 

3.68 

1  .81 

2.48 

1.85 

1.74 

1.91 

1.21 

1  .91 

.888 

1  .90 

.566 

1  .96 

.433 

1 .84 

.306 

1.87 

.  158 

1  .75 

8.62 

.777 

5.43 

.734 

4.32 

.758 

2.86 

.764 

2.48 

1  . 66 

1.03 

1  .67 

.576 

1  .47 

.46 

1  .35 

.313 

1  .04 

.219 

7.6 

12.4 

1  .22 

7.72 

1  .41 

5.66 

1  .52 

3.62 

4.02 

4.05 

4.56 

4.87 

5.03 

5.07 

5.25 
5.  12 
4.75 
3.96 

2.50 

2.50 

2.8 

2.85 

2.94 

3.01 

3.26 
3.  19 
3.  12 
2.67 
2.  18 
1  .99 

3.29 

3.39 
3.62 
3.8 

8.53 

8.39 
7.34 
6.74 
5.09 
3.72 
6.98 
7.61 
8.02 


3.62 

3.78 

4.15 

4.41 

4.75 

5. 

5.3 

5.25 

4.90 

4.38 

4.13 

2.32 

2.39 
2.49 
2.66 
2.84 
2.94 
3.07 

3.13 
3.01 
2.96 
2.60 
2.0 

3.27 

3.55 
3.66 
3.93 

8.86 

8.33 
7.  10 
6.52 

5.55 
4.6 

7.27 
7.69 
8.02 


- 
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T2B 1 
T2B2 
T2B3 
T2B4 

T2C 1 

T2C2 

T2C3 

T2C4 

T2C5 

T2C6 

T2C7 

T2C8 

T2C9 

T2C10 

T2C1  1 

T2C12 

T2C13 

T2D 1 

T2D2 

T2D3 

T2D4 

T2D5 

T2D6 

T2D7 

T2D8 

T2D9 

T2D10 

T2D 1 1 

T2D12 

T3A 1 

T3A2 

T3A3 

T3A4 

T3A5 

T3A6 

T3A7 

T3A8 

T3A9 

T3A10 

T3A1 1 

T3A12 


TABLE  F-3  (Continued) 


4.  16 

5.89 

4.04 

4.26 

3.67 

2.95 

3.57 

1.62 

8.24 

.85 

5.67 

.83 

4.53 

.815 

2.95 

.837 

2.28 

.837 

1.77 

.82 

1.29 

.81 

.807 

.80 

.707 

.745 

.498 

.595 

.350 

.50 

.264 

.40 

.171 

.316 

8.4 

2.96 

6.08 

2.99 

3.  16 

3.02 

2.27 

2.91 

2.07 

3.21 

1.7 

3.20 

1.22 

2.95 

.93 

3.02 

.723 

2.99 

.437 

3.02 

.309 

3.07 

.284 

2.86 

3.68 

1.33 

6.63 

1  .25 

8.88 

1  .  15 

3.76 

1.30 

2.40 

1.41 

1.59 

1  .36 

1  .26 

1  .  19 

1.05 

1.09 

.783 

.915 

.617 

.818 

.463 

.632 

.336 

.498 

4.29 

4.95 

6.35 

8.41 

8.71 

9.76 

9.9 

10.6 

10.8 

10.6 

10.6 

10.5 
9.9 

7.8 
6.65 
5.25 
4.21 

6.35 

6.5 
6.64 
6.74 
6.79 
6.79 
6.94 

6.6 
6.0 
5.0 

4.6 

3.9 

19.0 

18.5 
17.4 

18.6 
20 

19.2 
16.7 

15.2 
12.6 

11.2 

8.7 

6.8 


4.6 

5.57 

6.8 

8.55 

8.54 

9.27 

9.71 

10.3 

10.5 

10.6 

10.4 

9.3 
9.0 
8.0 

6.72 

5.74 
4.25 

5.8 
6.  15 
6.87 
7.2 

6.9 
6.89 
6.92 
6.5 
6.0 

4.75 

3.9 

3.4 

20.2 

19.5 
18.8 

20.3 

19.3 

17.5 

16.4 

15.3 

13.4 
11.7 

9.8 

7.7 
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T3B 1 
T3B2 
T3B3 
T3B4 
T3B5 
T3B6 
T3B7 
T3B8 
T3B9 
T3B10 

T3C 1 

T3C2 

T3C3 

T3C4 

T3C5 

T3C6 

T3C7 

T3C8 

T3C9 

T3C10 

T3C 1 1 

T  3D  1 

T3D2 

T3D3 

T3D4 

T3D5 

T3D6 

T3D7 

T3D8 

T3D9 

T3D10 

T3D 1  1 

T3E1 

T3E2 

T3E3 

T3E4 

T3E5 

T3E6 

T3E7 

T3E8 

T3E9 


TABLE  F-3  (Continued) 


6 

.85 

2 

.48 

3 

89 

2 

.50 

2 

65 

2 

.52 

1 

92 

2 

.54 

1 

37 

2 

.48 

1 

05 

2 

.45 

805 

2 

.20 

643 

2 

.  1  1 

485 

2 

.07 

326 

1 

.72 

20 

8 

2 

.7 

15 

5 

2 

.88 

7 

75 

2 

.97 

4 

04 

2 

.96 

3 

25 

2 

.99 

2 

48 

2 

.94 

1 

40 

2 

.68 

1 

17 

2 

.58 

715 

2 

08 

692 

1 

68 

334 

1 

15 

6 

42 

6 

35 

3 

96 

6 

30 

2 

72 

6. 

13 

1 

71 

6. 

12 

1 

21 

6. 

19 

877 

5. 

99 

791 

6. 

06 

612 

6. 

27 

526 

6. 

32 

380 

6. 

18 

8 

64 

5. 

79 

8 

72 

1  . 

47 

6 

13 

1  . 

52 

3 

77 

1  . 

63 

2 

35 

1  . 

66 

1 

54 

1  . 

54 

1 

34 

1  . 

45 

976 

1  . 

04 

, 

589 

. 

764 

, 

286 

490 

16 

16.6 

17.6 
16.8 

15.9 

13.9 
11.8 
10.8 

8.  15 
6.35 

14.  1 

15.4 

15.5 

16.5 

16.5 
16. 

14.4 

13.8 

10.9 

8.7 
5.9 

12.9 

11.9 

11.7 

10.8 
9.6 
8.54 
7.2 
6.67 
5.84 
4.65 

10.7 

18.  1 
19.  1 

20.4 

20.7 
19.2 

17.6 

14.7 

10.7 

6.8 


15.6 

17.0 

16.9 

15.9 

14.4 
12.8 

11.5 
10.1 

8.34 

6.4 

12.9 

13.6 

15.6 
16.8 

16.7 
16.2 

14.4 

13.4 
10.97 

8.96 

7.15 

12.4 
12.4 

12.4 
11.2 

9.8 

8.5 

7.9 
6.69 
6.01 

4.8 

11.7 

18.  1 
19.  1 

19.5 

18.6 
17.0 
16.2 

14.8 
11.4 

6.9 


- 
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TABLE  F-3 

T3F  1 

9.05 

1.47 

T3F2 

9.42 

3.51 

T3F3 

6.88 

3.42 

T3F4 

4.32 

3.74 

T3F5 

2.79 

3.69 

T3F6 

1.93 

3.55 

T3F7 

1.63 

3.44 

T3F8 

1  .  18 

3.36 

T3F9 

.906 

3.22 

T3F10 

.699 

3.25 

T3F  1  1 

.586 

3.27 

T3F12 

.355 

3.  19 

T3F13 

.298 

2.37 

T3F14 

.214 

2.95 

T3F15 

.  177 

.332 

T3G1 

9.33 

1.49 

T3G2 

6.33 

1  .53 

T3G3 

3.74 

1.58 

T3G4 

2.49 

1.51 

T3G5 

1  .64 

1.50 

T3G6 

1  .28 

1  .34 

T3G7 

41 .04 

1  .  18 

T3G8 

.807 

1.08 

T3G9 

.659 

.822 

T3G10 

.487 

.  666 

T3G1 1 

.355 

.506 

T3G12 

.265 

.424 

T3G13 

.196 

.339 

T4A1 

9.36 

2.57 

T4A2 

7.21 

2.69 

T4A3 

4.83 

2.66 

T4A4 

3.  15 

2.45 

T4A5 

2.85 

2.47 

T4A6 

2.17 

2.24 

T4A7 

1  .67 

1.95 

T4A8 

1.33 

1.67 

T4A9 

1 .04 

1 .40 

T4A10 

0.74 

1.13 

T4A1  1 

0.63 

1.01 

T4A12 

9.92 

2.55 

T4A13 

10.11 

6.36 

( Conti nued ) 

17.6 

18. 

14.  1 

14.2 

15.1 

15.2 

15.3 

15.4 

15.4 

15.3 

13.9 

14.6 

13.5 

14. 

12.2 

12.5 

10.7 

11.0 

9.7 

9.5 

8.1 

8.5 

6.35 

5.9 

5.35 

5.3 

4.27 

4.0 

4.38 

4.7 

18.1 

17.9 

18.4 

19.0 

20 

19.6 

19.8 

19.2 

19.4 

17.4 

17.4 

16.2 

15.  1 

15.  1 

13.06 

13.3 

11.2 

12.2 

9.05 

10.  1 

6.8 

7.8 

5.7 

6.4 

4.56 

5.0 

36.6 

36.2 

38.4 

35.9 

37.6 

34.8 

34.2 

32.2 

34.6 

31.2 

31  .0 

28.7 

26.8 

26. 

22.6 

23.5 

18.8 

20.6 

15.2 

16.7 

13.5 

14.9 

36.2 

36.2 

28.5 

26.9 

* 

T4B1 

T4B2 

T4B3 

T4B4 

T4B5 

T4B6 

T4B7 

T4B8 

T4B9 

T4B10 

T4B 1  1 

T4B12 

T4B13 

T4C1 

T4C2 

T4C3 

T4C4 

T4C5 

T4C6 

T4C7 

T4C8 

T4C9 

T4C10 

T4C 1  1 

T4C12 

T4C13 

T4C14 


TABLE  F-3  (Continued) 


9 

.58 

8 

.25 

5 

.44 

8 

.92 

3 

.  14 

8 

.92 

2 

.71 

8 

.8 

2 

.02 

8 

.74 

1 

.75 

9 

.  15 

1 

.27 

8 

.91 

1 

.02 

8 

.66 

.709 

8 

.63 

9 

.62 

8 

.09 

9, 

.21 

6 

.44 

9, 

.68 

5, 

.  12 

9. 

.44 

2, 

.51 

10. 

,39 

2. 

,47 

26. 

0 

4. 

49 

22. 

6 

4. 

71 

17. 

8 

4. 

79 

12. 

2 

4. 

88 

8. 

33 

5. 

12 

7. 

41 

4. 

90 

5. 

50 

4. 

81 

4. 

16 

4. 

96 

3. 

14 

4. 

72 

2. 

48 

4. 

53 

1  . 

52 

3. 

91 

1  . 

15 

3. 

40 

. 

855 

2. 

89 

24.7 

23.8 

23.3 

22.6 

20.5 

20.2 

19.8 

19.4 

17.4 

17.2 

16.7 

15.8 

14 

13.3 

12.1 

11.8 

9.95 

9.  1 

23.2 

24.  1 

26.2 

26.8 

28.  1 

29.4 

35.4 

36.4 

34.1 

36.5 

28.5 

27.8 

29.3 

27.8 

28.7 

28.5 

28. 

29.5 

28.8 

29.5 

27.2 

30. 

28.5 

29.6 

26.9 

28.  1 

25.3 

26.7 

24. 

24.9 

20.4 

20.7 

17.3 

18.3 

14.6 

15.6 

♦ 

' 


